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ABSTRACT
«
GENETICALLY CONTROLLED SYNTHESES OF
NOVEL POLYMERIC MATERIALS
SEPTEMBER 1991
KEVIN PETER McGRATH, B.S., COLUMBIA UNIVERSITY
Ph.D., UNIVERSITY OF MASSACHUSETTS
Directed by: Professor David A. Tirrell
Research directed toward the biological production of
novel polymeric materials is presented, in which synthetic
genes, acting as templates for polymer production, enforce
tight control over all aspects of chain microstructure
.
Synthetic genes encoding polypeptides of sequences 1 and
2 were constructed through the enzymatic ligation of small,
repetitive portions of chemically synthesized DNA.
[ (Ala-Gly) 3-Pro-Glu-Gly] 1
[ (Ala-Gly) 3-Asn-Gly]^ 2
Empirical rules relating protein sequence and structure
predicted that materials with these sequences should adopt
chain folded structures in the solid state, with folding
initiated at the periodic proline, glutamic acid, or
asparagine residues.
Tandemly repeated fragments were constructed through use
of nonpalindromic BanI restriction sites at the 5' and 3'
vi
termini. Mult imerized fragments were cloned into the unique
Bani site of p937.51, and isolated from recombinant vectors
by digestion with BamHI
.
These fragments were inserted into
the unique BamHI site of pET3-b, a powerful T7-based
bacterial expression vector.
Recombinant plasmids containing the inserts in the
correct orientation were used to transform E. coli strain
BL21(DE3) pLysS. This vector-host system places the
synthetic gene under the control of the viral T7 promoter.
The requisite T7 RNA polymerase gene is integrated into the
bacterial genome under lacUVS control, and can be induced by
the addition of IPTG. Four proteins of sequence 1 with n
varying from 10 to 54 and of sequence 2 with n equal to 16
were produced.
One protein containing 54 repeats of sequence 1 was
chosen for further analysis. High levels of expression were
obtained using a natural t ranslat ional start from
bacteriophage T7 . A simple purification procedure has been
developed, typically yielding 8-10 mg of highly purified
protein per liter of culture. Non-repetitive N- and C-
termini were removed by treatment with cyanogen bromide.
Structural analysis using FTIR and wide angle x-ray
scattering on purified samples failed to indicate the
predicted chain folded lamellar structures, indicating that
the materials adopted amorphous structures in the solid
state
.
I IVll
TABLE OF CONTIENTS
ACKNOWLEDGEMENTS
V
ABSTRACT
vi
LIST OF TABLES
xiv
LIST OF FIGURES
XV
CHAPTER
1
.
INTRODUCTION
1
1.1. The relationship between protein sequence
and structure
^
1.2. Naturally occurring repetitive
polypeptides
1.3. Chemical synthesis of repetitive
polypeptides 20
1.4. Repetitive polypeptides via recombinant DNA
technology 22
1.5. Scope of the work 3g
2. EXPERIMENTAL SECTION ' \i
2.1. Materials and Methods 41
2.1,1, Materials 4X
2.1.1.1. Reagents 41
2.1.1.2. Stock solutions 43
2.1.1.3. Other solutions 45
2.1.1.4. Buffers for gel electrophoresis 46
2.1.1.5. Media 47
2.1.1.6. Enzymes 48
2.1.2 General methods 48
2.1.2.1. Preparation of competent cells 48
• •Vlll
2.1.2.2. Isolation of plasmid DNA from
liquid cultures
. . 49
2.1.2.3. Purification of DNA fragments by
electroelution
•••••••• \j \J
2.1.2.4. Routine measurements
01
2.2. Synthesis of proteins containing repeated
[ (AG) 3PEG] domains
. .
^ 53
2.2.1. Construction of the [(AOjPEG]
monomer ....
^
53
2.2.1.1. Synthesis and purification of
oligonucleotides 53
2.2.1.2. Phosphorylation and annealing 55
2.2.1.3. Insertion into pUC18 55
2.2.1.4. Transformation of DH5aF' 55
2.2.1.5. Isolation of pUC18- [ (AG) 3PEG] 2 57
2.2.1.6. Isolation of the [(AG)3PEG]2
monomer
2.2.1.7. Polymerization of the [(AG)3PEG]2
monomer
2.2.2. Insertion into p937.51 59
2.2.2.1. Preparation of p937.51 59
2.2.2.2. Preparation of the multimer
population 50
2.2.2.3. Insertion conditions 60
2.2.2.4. Transformation of HBlOl 61
2.2.2.5. Screening of transformants by
BamHI digestion 61
2.2.2.6. Purification of multimer inserts .... 62
2.2.3. Construction of bacterial expression
systems 52
2.2.3.1. Insertion of multimers into
pET3-b 62
ix
2.2.3.2. Transformation of HBlOl 53
2.2.3.3. Isolation of recombinant vectors 64
2.2.3.4. Transformation of BL21(DE3)
PLysS
2.2.4. Expression of proteins containing
repeated [(AG)3PEG] domains 55
2.2.4.1. In vivo labeling experiments 65
2.2.5. Purification of KM3-27 67
2.2.5.1. Cell lysis 67
2.2.5.2. (NH4)2S04 precipitation
characteristics 68
2.2.5.3. Isoelectric precipitation
characteristics 69
2.2.5.4. DEAE-Sephadex column
chromatography 70
2.2.5.5. Large scale protein expression
and purification 71
2.2.5.6. CNBr cleavage of
KM3-27 73
2.3. Synthesis of proteins containing repeated
[ (AG) 3NG] domains 75
2.3.1. Construction of the [(AG)3NG]2
monomer 75
2.3.1.1. Synthesis and purification of
oligonucleotides 75
2.3.1.2. Phosphorylation and annealing 76
2.3.1.3. Insertion into pUC18 77
2.3.1.4. Transformation of DH5aF' 78
2.3.1.5. Isolation of pUC18- [ (AG) 3NG] 2 79
2.3.1.6. Isolation of the [(AG)3NG]2
monomer 80
2.3.2. Insertion of the monomer population
into p937.51 81
X
2.3.2.1. Preparation of p937.51 81
2.3.2.2. Insertion conditions 82
2.3.2.3. Transformation of HBlOl 83
2.3.2.4. Screening of transformants by
BamHI digestion 84
2.3.3. Construction of T7-based expression
systems 84
2.3.3.1. Preparation of pET3-b 84
2.3.3.2. Preparation of the [(AG)3NG]2
multimer inserts 86
2.3.3.3. Insertion conditions 86
2.3.3.4. Transformation of HBlOl 87
2.3.3.5. Isolation of recombinant vectors .... 87
2.3.3.6. Transformation of BL21{DE3)
pLysS 88
2.3.4. Expression of proteins containing
repeated [(AG)3NG] domains 89
2.3.4.1. In vivo labeling experiments 89
3. RESULTS AND DISCUSSION 91
3.1. Rationale for protein sequences 91
3.2. Strategies of gene design 95
3.2.1. Codon usage 100
3.2.2. Sequences of the oligonucleotides 101
3.3. Construction of bacterial expression
systems 106
3.3.1. Preparation of multimer populations 106
3.3.2. Vectors employed in gene
constructions 108
3.3.3. Construction of the expression
vectors 113
xi
3.4. Protein expression and purification 115
3.4.1. Protein expressions
-^-^^
3.4.2. Purification of KM3-27
;L23
3.4.3. Purity analyses of KM3-27 126
3.5. Characterization of chain microstructure 131
3.5.1. Control over sequence 3^32
3.5.2. Control over composition 132
3.5.3. Control over chain length I35
3.6. Solid-state properties 13g
3.6.1. Thermal properties I44
3.6.2. Infrared spectroscopy I45
3.6.3. Wide angle x-ray scattering I47
3.7. Conclusions I53
3.8. Future work I55
ENDNOTES I57
BIBLIOGRAPHY 163
LIST OF TABLES
Table
page
1.1. Relative probabilities of amino acid occurance inprotein secondary structures 12
1.2. Chemically synthesized repetitive polypeptides 25
3.1. Codon preferences from 100 E.coli genes 102
3.2. Elemental analyses of uncleaved and CNBr-cleaved
KM3-27 130
3.3. Amino acid compositions of the uncleaved and
CNBr-cleaved forms of KM3-27 137
3.4. -^H peak assignments for uncleaved KM3-27 142
1
3
3.5. C peak assignments for uncleaved KM3-27 143
« I «Xlll
LIST OF FIGURES
Figure
Page
1.1. Chemical structures of the twenty naturally occurrina
amino acids ^
5
1.2. Structure of the a-helix as proposed by Pauling
and Corey
^
1.3. Structure of the P-sheet as proposed by Pauling
and Corey
g
1.4. Description of <j) and y angles in polypeptides 13
1.5. Representations of Type I, II, I', and II' turns in
proteins
1.6. Positional preferences in turns for the twenty
amino acids 17
1.7. Mechanism of NCA polymerization by strong bases or
tertiary amines 24
1.8. Comparison of infrared dichroism characteristics for
poly [Ala-Gly] and B. mori fibroin 28
1.9. Possible packing of antiparallel p-sheets in B. mori
fibroin and poly [Ala-Gly ] 30
xiv
1.10. "Staggering" of successive p-sheets in
poly [Ala-Gly]
1.11. (a) conformational model proposed for
poly [Ala-Gly] II. (b) organization into
extended sheet structures 33
1.12. Conceptual outline of biosynthetic
polymerizations 3g
3.1. Proposed solid-state structure of poly
[ (Ala-Gly) 3-Pro-Glu-Gly
] 9g
3.2. Proposed solid-state structure of poly
[ (Ala-Gly) 3-Asn-Gly] 97
3.3. Chain folded structure of the Chrysopa flava egg
stalk protein proposed by Geddes"*^ 98
3.4. The hexadecapeptide repeat for the Chrysopa flava
egg stalk protein proposed by Atkins^'' 99
3.5. Sequences of the [(AG)3PEG]2 oligonucleotides 104
3.6. Sequences of the [(AG)3NG]2 oligonucleotides 105
3.7. Polymerization of the [(AG)3PEG]2 monomer 109
3.8. Distribution of [(AG)3NG]2 multimers in p937.51 110
3.9. Cloning vector p937.51 114
XV
3.10. pET3-b. [from Rosenberg et al.(l987)
Gene, 56, 125. ] lib
3.11. BamHI digestions of poly [ (AG) 3PEG] 2 expression
vectors in BL21(DE3) pLysS
-^-^^
3.12. Aval digestions of poly [ (AG) 3PEG] 2 expression
vectors in BL21 (DE3) pLysS
^^^g
3.13. BamHI digestions of poly [ (AG) 3NG] 2expression
vectors in BL21(DE3) pLysS II9
3.14. Aval digestions of poly [ (AG) 3NG] 2 expression
vectors in BL21(DE3) pLysS 120
3.15. In vivo labeling of proteins containing repeated
[(AG)3PEG]2 domains 121
3.16. In vivo labeling of KM4-8 122
3.17. Sequence of KM3-27 124
3.18. Purification of KM3-27 127
3.19. DEAE-Sephadex A-25 column chromatography of
KM3-27 128
3.20. CNBr-cleavage of KM3-27 12 9
3.21. Ultraviolet spectra of KM3-27 133
xvi
3.22. H NMR spectrum of uncleaved KM3-27 13q
3.23. Expanded NMR spectrum of uncleaved KM3-27 139
3.24. C NMR spectrum of uncleaved KM3-27 140
1
3
3.25. Expanded C NMR spectrum of uncleaved KM3-27 141
3.26. Plot of mobility versus the reciprocal of log(M )for the series of polypeptides containing repeated
[(AG)3PEG] domains I45
3.27. Thermogravimetric analysis of the uncleaved
form of KM3-27 148
3.28. Differential scanning calorimetry of the uncleaved
form of KM3-27 I49
3.29. Fourier transform infrared spectroscopy on the
uncleaved form of KM3-27 150
3.30. Fourier transform infrared spectroscopy on the
CNBr-cleaved form of KM3-27 151
3.31. Fourier transform infrared spectroscopy on the
potassium salt of KM3-27 152
3.32. Wide angle x-ray scattering on uncleaved KM3-27 154
xvii
3.33. Wide angle x-ray scattering on CNBr-cleaved
KM3-27
155
xviii
CHAPTER 1
INTRODUCTION
The preparation of polymeric materials with precisely
defined properties in the solid state is one of the most
demanding goals of modern materials science. The macro-
scopic properties of polymers are often acutely sensitive to
chain microstructure, and control of microstructural
variables is critical for the production of ordered polymeric
materials. Current polymerization methods allow the polymer
chemist control over chain length (using "living" ionic
polymerizations-'-) or stereochemistry (employing Ziegler-Natta
2catalysts )
.
However, a review of current methods of
polymerization reveals no single method capable of
simultaneous control over both variables.
In addition, none of the conventional methods provides
control of the sequence and composition of copolymers, or
produces polymers funct ionalized at unique positions within
the chain. Traditional approaches to the synthesis of new
polymers inevitably yield mixtures of chains differing in all
of these variables, with the macroscopic properties
determined by a statistical average of the population. This
has been the status quo of polymer science since its
inception. The preparation of novel polymers for
applications requiring precise control of molecular structure
necessitates the development of new approaches to
polymerization
.
1
We have initiated a program to introduce the methods of
molecular biology into polymer science. It is now possible
to prepare - via genetic techniques - virtually any sequence
of amino acids, and to control with a great degree of
precision each of the most important structural variables of
the polymer chain: composition, sequence, chain length, and
stereochemistry. Exploiting the high fidelity of protein
biosynthesis, coupled with recent advances in the
construction, manipulation, and expression of genes, we have
prepared polymers in which each of the most important
structural variables is under tight control. Thus we regard
these methods as the logical successor to the chemical
techniques ( Ziegler-Natta and living ionic polymerizations)
that have provided us over the last three decades with
increasing control over chain architecture. For the first
time we can consider a polymer science and technology based
on pure materials, rather than on mixtures. Starting with
general questions about polymer behavior - ideas about
crystallization, phase separation, or solution properties -
we can now design polymers specifically tailored to answer
these questions.
The ability of polypeptides to adopt sequence-dependent
secondary structures (turns, helices, and extended chain
segments) allows the polymer chemist to control, at defined
positions, the local conformational order of the polymer
chain. The introduction of secondary bonding between chains
could be used to create fibers with enhanced mechanical
2
properties transverse to the fiber axis, or films with
controlled barrier properties.
With the ability to introduce biologically recognized
peptide sequences into the chain, materials can be prepared
that act as substrates for affinity separations, as
reconstructive elements in the body, or as systems for
targeted drug delivery. One can imagine chains capable of
switching from one state to another upon application of an
appropriate stimulus, an ideal property for responsive
elements in sensor technologies or microelectronics. We have
yet to see the impact of this technology on materials
science, despite the many intriguing structural properties
exhibited by proteins in nature. The implications,
particularly in the design and construction of ordered
polymeric solids, are revolutionary.
1.1. The relationship between protein sequence and structure
Virtually all biological processes, from muscular
contraction to the replication of DNA, are mediated by
proteins. By far the most abundant organic molecules in the
cell, proteins typically account for 50 percent of the cell's
dry weight. The building blocks of proteins are the twenty
naturally occurring amino acids, whose physical properties
vary in size, charge, solubility, and chemical functionality.
The chemical structures of the amino acids are shown in
Figure 1.1. These molecules are chiral, existing in both D
3
and L forms, but for reasons not entirely clear only L-amino
acids are incorporated into proteins. Proteins thus
represent a class of perfectly isotactic polyamides with
specialized chemical functionality.
For a relatively small protein of 100 residues, the
number of possible amino acid combinations is 20^°°. This
large number of combinations makes possible the
sophistication and diversity required to mediate and catalyze
biological processes. Protein function is intimately
connected to three-dimensional structure, allowing proteins
to perform functions as disparate as enzymatic catalysis and
control of structural integrity. It is clear from the work
of Anfinsen on the renaturation of ribonuclease that the
final, functional three-dimensional structure is somehow
encoded within the primary amino acid sequence. The
relationship between these variables is still not clearly
understood, and is considered one of the major goals of
modern biology.
Efforts at understanding this relationship began in the
early 1950 's when Pauling, Corey, and collaborators'^ began a
systematic investigation of polypeptide conformations. Using
bond lengths and angles derived from small peptide models,
and imposing the restraints 1) that the amide bond must
remain planar and in the trans configuration, 2) that atoms
cannot approach each other more closely than their van der
4
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Figure 1.1. Chemical structures of the twenty naturally
occurring amino acids. Reprinted with permission from
Cantor and Schimmel, Riophysical Chemistry , Freeman.
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Waals radii, and 3) that there exists
to stabilize regular folded conformatiions, they proposed two
some secondary bonding
major structures: the a-helix (shown in Figure 1.2) and the
P-sheet (shown in Figure 1.3). The a-helix repeats after
exactly 18 residues, completing 5 turns. This gives a
structure that completes one turn every 3.6 residues, with a
pitch (n) of 5.44 A. The atoms of the chain backbone pack
closely, making favorable van der Waals contacts. Each
carbonyl oxygen is hydrogen bonded to the amide proton of the
fourth residue up the helix, aligning the hydrogen bonding
direction with the direction of the chain. This aligns the
dipoles of the peptide bonds head-to-tail; consequently, a-
helices have considerable dipole moments^.
In the p-sheet structure, each residue is rotated 180°
with respect to the preceding one, making the chain analogous
to a helix completing a turn every other residue, and having
a pitch of 3.45 A. The chains are "corrugated", folded much
like an accordian, with hydrogen bonds formed between
adjacent chains. Such a structure can be realized in two
ways: having the chains with their N to C directions aligned
(giving a parallel P-sheet) or opposed (giving an
antiparallel P-sheet) . Pauling's proposed structures,
derived mainly through molecular models, have since been
verified as the two major forms of secondary structure
existing in proteins. The extended segments of proteins
generally adopt one of these two conformations, with
approximately 31% of the residues in proteins involved in a-
6
I Radius
= 23 A
Figure 1.2. Structure of the a-helix as proposed by
Pauling and Corey. Reprinted with permission from
Lewin,B., r.e^nes III , J. Wiley and Sons, 1987.
7
C-termmus N-termmus C-termmus
Figure 1.3. Structure of the p-sheet as proposed by
Pauling and Corey. Reprinted with permission from
Lewin,B., Genes III , J. Wiley and Sons, 1987.
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helices, and 28% in B-sheetq^ Tn nr=i-,o xii p bu s . i nature these structures
are usually somewhat distorted from ideality, with the
remainder of the protein existing either as a random coil, or
in short turn sequences which will be discussed shortly.
The difficulty in obtaining good sequence data for
proteins containing defined secondary structures hampered
early efforts to relate sequence and structure. With x-ray
crystallography of proteins still in its infancy, optical
rotary dispersion (ORD) was used to determine the percent
helicity in proteins. Early ORD studies used the change in
rotation [m'] with wavelength at wavelengths above the Cotton
effect, and fitted the curve to the Moffitt equation"^
where a^, b^, and X,^ are physical constants of the system.
With assigned at 212 nm for polypeptides, the value of
was found to vary with the a-helical nature of the protein,
with a value of 0 for no helical content and -630 for a
completely a-helical protein. Using this fact, several
researchers developed semi-quant itative relationships between
8 — 10
amount of helical nature and amino acid composition . Wu
and Rabat"'"''', using the torsional angles ({) and \|/" (see Figure
1.4) of the middle residue in tripeptides of known sequence,
generated a 20 x 20 table showing tripeptide frequencies in
helical and non-helical regions.
9
As more protein structures were determined, it became
clear that p-sheets played an important role in protein
molecular architecture. The predictive methods developed
using ORD values were not successful in estimating the
percentage of p-sheets, and spectrophotomet ic analysis was
complicated by the fact that p-sheet forming polymers tended
to be insoluble
.
Chou and Fasman, in analyzing the crystal
structures of 15 proteins, determined the a-helix and p-sheet
forming potential for all twenty amino acids, and formulated
a set of rules governing the formation of regions of
secondary structure-"-^
.
The values for the amino acids have
been further refined as more protein crystal structures
became known, and have recently been summarized by Levitt''-'^.
The values, calculated from 66 proteins, are shown in Table
1.1. In Table 1.1, the relative probabilities of occurrence
in either a-helices, P-sheets, or turns are calculated by
dividing the frequency of occurrence of an amino acid in a
particular secondary structure by the relative frequency of
its occurrence in the protein as a whole.
Proteins in general are spherical molecules, with
regions of defined secondary structure coalesced into a lumpy
"core" . The regions between secondary structures vary widely
in conformation, and are often simply categorized as
"random". There are, however, distinct types of
nonrepetitive structure that play important roles in protein
folding. The polypeptide chain generally makes sharp
reversals of direction at the aqueous interface, and the
10
residues involved in this reversal constitute up to 30% of.
the total protein. These reverse turns require special
geometries, and it is not surprising to find that there are
specific amino acid preferences associated with them. Four
residues usually comprise a reverse turn, with the first and
fourth typically hydrogen bonded to each other.
Venkatachalam^^ was the first to characterize three
types of turns in tet rapept ides where a hydrogen bond is
formed between residue i and i + 3. The most common types
are shown in Figure 1.5. The Type I turn has ((j), Xj/) =
(-60°,
-30°) and ((|), . ^2 = ("90°, 0°); for the Type II turn
«!)/ V)i+i = (-60°, 120°) and (({), y) . ^2 = (8°°' 0°)- m the
Type I turn (as drawn) the carbonyl oxygen points into the
plane of the page, and out of the plane for the Type II turn.
The Type III turn, not depicted here, has ((}), y) = (-60°, -
30°) for both residues, and is actually one turn of a 3^q
helix. Mirror images of these turns exist, denoted Type I',
II', and III", in which the torsional angles are of equal
magnitude but of opposite sign. The frequency of these
mirror image turns in natural proteins is low. The
torsional angles (j) and \j/ of the second and third residues
describe the type of turn, and also determine preferred amino
acids in these structures. The turn-forming potential for
the twenty amino acids has been calculated by Chou and
Fasman, based on turn sequences identified from x-ray data'^^.
These values, along with positional preferences, have been
refined by Wilmot and Thornton''-'^, who incorporated turns from
11
Table 1.1
Relative probabilities of amino acid occurence in protein
secondary structures. From Levitt^"*.
Amino Acid tt-helix (P^^) P-sheet (Pp) Turn (P,)
Ala 1.29 0 . 90 0.78
Cys 1 . 11 0 .74 0 . 80
Leu 1 .30 1.00 0 .59
Met 1 .47 0 . 90 0.39
Glu 1.44 0.75 1.00
Gin 1.27 0.80 0 . 97
His 1 .22 1 .08 0. 69
Lys 1 .23 0 .77 0 . 96
Val 0.91 1.49 0 . 47
He 0. 97 1 .45 0.51
Phe 1 .07 1 .32 0 . 58
Tyr 0.72 1.25 1.05
Trp 0. 99 1 . 14 0 . 75
Thr 0.82 1.21 1.03
Gly 0.56 0. 92 1 . 64
Ser 0.82 0 . 95 1.33
Asp 1 .04 0.72 1.41
Asn 0. 90 0 .76 1.23
Pro 0.52 0 . 64 1 . 91
Arg 0 . 96 0.99 0. 88
12
/Amide plane
Figure 1.4. Description of (|) and \|/ angles in poly-
peptides. Reprinted with permission from Matthews and
van Holde, Biochemistry, Ben jamin/Cummings , 1 990
.
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59 non-identical proteins. The positional preferences of the
amino acids for Type I and Type II turns are shown in Figure
1.6.
It is clear is that glycine and proline play important
roles in control of chain reversal. The high probability of
glycine occurring in turns is in great part due to the
absence of a sidechain, increasing the range of i<^,\\f) values
it can adopt. Proline, in contrast, is the least flexible of
the amino acids, as ring closure keeps (j) at -60°. It has the
highest specific positional preference of any residue, being
commonly found at position i + 1 or i + 2 in reverse turns.
The role of proline in defining secondary structure arises
from its inability to be successfully incorporated into
either a-helices or p-sheets. The incorporation of proline
into helices results in a bend of ca . 30° in the helix,
disrupting the hydrogen bonding pattern; the (|) and \\f values
of proline deviate so much from the |3-sheet values that
incorporation would result in termination of the sheet. Many
examples of turns are found in proteins, and not all involve
four residues or hydrogen bond formation. These turns have
not yet been satisfactorily classified as secondary
structures due to the wide variance in number of residues and
torsion angle values.
Patterns of main chain hydrogen bonding, along with
repeating ((|),\}/) values, are what determine protein secondary
structure^®. The preferences of amino acids for different
secondary structures reflect not only torsional factors, but
14
also thermodynamic stability and preferential interactions
between sidechains. The algorithms currently in use
protein secondary structure about 70-80%successfully predict
of the time 19 which does not represent a significant
improvement over the algorithm proposed by Chou and Fasman^O.
Improvements may have to wait until more is understood about
the physical and chemical forces that control protein
folding.
order structure is not yet understood. The difficulty lies
in the complexity of the systems under investigation.
Proteins typically have multiple secondary structures, and
understanding the organization of these motifs into a final,
functional structure is a challenging undertaking. It is
possible, however, to minimize the complexity of the problem
through use of simple polypeptide models, such as homopoly-
mers or sequential copolymers. These model compounds can be
used to test theories regarding secondary structure
formation, and incorporation of such structures into higher
levels of organization.
1.2. Naturally occurring repetitive polypeptides
In nature, repetitive polypeptides are most commonly
found as macroscopic structural components. These materials
have been divided into several classes, based upon their
chemical nature as well as macroscopic structure and
The relationship between secondary structure and higher
15
"^ype n Type n'
Figure 1.5. Representations of Type I, II, I' , and II'
turns in proteins. Reprinted with permission from
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Wilmot and Thornton
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properties. One general class, the silks, is found
throughout the insect world; these polypeptides are tough
fiber-forming polymers used in cocoon and spider web
construction. The most familiar example is that of silk
isolated from the silkworm Bombyx mori
. This material
contains approximately 50 tandem repeats of the sequence
[ (Gly-Ala) 2-Gly-Ser-Gly-Ala-Ala-Gly- (Ser-Gly-Ala-Gly-Ala-
2
1
Gly)Q-Tyr]
,
and forms antiparallel p-sheets stabilized
through extensive hydrogen bond formation. In this structure
the chains are nearly fully extended and oriented parallel to
the fiber axis, giving silk a tensile modulus of 30,000 psi,
higher than synthetic analogues Nylon 6 (12,000 psi), or
Nylon 6, 12 (9, 000 psi)^^'^^. The antiparallel (3-sheets are
held together by modest intermolecular forces, allowing silk
fibers to be relatively flexible.
Despite the intense study afforded B. mori silk, it is
far from being the only protein fiber found in nature. Of
great interest are the silks produced by certain spiders.
The dragline silk of Nephila clavipes , the golden orb weaver,
has a tensile strength of 200,000 psi, placing it in the
range of graphite fibers (250,000 psi) and Kevlar (460,000
psi)^"^. The elongation at yield for this material is 35
percent, higher than graphite (1.8 percent), Kevlar (5
percent) or B. mori fibroin (10-20 percent ) ''^ . Some
spiders are capable of producing up to five types of fibroin,
2 5
used in constructing different portions of their webs .
18
Another class of repetitive polypeptides is the
collagens. The most abundant protein in mammals, collagen is
found in skin, bones, tendons, and most membranes. Despite
this diversity of functions, collagen proteins all share a
simple repetitive sequence with glycine every third residue,
e.g. [Gly-X-Y]
.
Here X and Y represent any amino acid, but
are frequently proline or hydroxyproline
. Collagens form a
right-handed helix consisting of three parallel left-handed
helical strands that are intertwined. This structure (the
"collagen triple helix") affords the resiliency to function
as an integral component in skin and tendons.
A third general class is the elastins. Found in the
extracellular environment in mammals, elastins are comprised
of short repetitive sequences which vary from species to
species. Porcine and bovine elastins contain 11 or more
repeats of the sequence [ Val-Pro-Gly-Val-Gly ] ^'^ . The
chemically synthesized polypentapeptide has been extensively
studied by Urry and coworkers . This material aggregates
to form micron-diameter fibrils, which upon crosslinking
exhibit force-temperature relationships characteristic of
3
1
elastomeric materials .
In a dramatic contrast, the repetitive polypeptides
produced by marine organisms act as waterproof adhesives.
The common blue mussel Mytilus edulis produces an adhesive
protein containing more than 60 repeats of the sequence [Ala-
Lys-Pro-Ser-Tyr-Hyp-Hyp-Thr-Dopa-Lys] where Hyp represents
hydroxyproline and Dopa signifies 3 , 4-dihydroxyphenylalanine,
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a hydroxylated tyrosine residue. The material is initially
produced as a soluble linear polypeptide; however, it is co-
produced with oxidizing enzymes (e.g. catecholoxidase) that
rapidly convert it to an insoluble crosslinked adhesive.
These examples demonstrate the wide range of material
properties that can be achieved through control of amino acid
sequence
.
1.3. Chemical synthesis of repetitive polypeptides
Using appropriate synthetic procedures polypeptide
chains of various compositions, such as homopolypeptides,
random or block copolypept ides, or polypeptides of controlled
sequence may be obtained^^. Syntheses of homopolypeptides and
statistical copolypept ides are typically realized through the
ring-opening polymerization of N-carboxyanhydrides (NCAs)
,
using a strong base or tertiary amine as initiator. The
mechanism of NCA polymerization has been carefully
investigated "
, but no single mechanism has been described
that applies to all amino acid NCAs or all types of
initiators, A general mechanism for NCA polymerization using
strong bases or tertiary amines is outlined in Figure 1.7.
For the synthesis of copolypept ides with regular or repeating
structure, the statistical limitations of NCA
copolymerizat ion exclude its use . To produce repetitive
polypeptides, a small oligopeptide repeat unit must first be
synthesized and subsequently condensed to form the desired
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polymer. The synthesis of large quantities (gram scale)
of
optically pure peptides of 5-25 residues in length is a
laborious task, requiring a thorough understanding of each
amino acid and its protected derivatives^"^. Carpino^S
recently described a solution technique capable of rapid
synthesis of short peptide sequences. Employing 9-
fluorenylmethyloxycarbonyl-protected amino acid chlorides,
continuous syntheses up to heptapept ides were reported, with
crude purities often greater than 95 percent. The synthesis
of longer peptides by this route has not yet been
successfully demonstrated.
Alternatively, oligopeptides can be constructed by the
stepwise addition of amino acids to an insoluble polymeric
support functionalized with the C-terminal amino acid. This
method, known as solid phase peptide synthesis, has been
successfully automated and is capable of producing peptides
up to 40-50 residues in length at a scale of 100-300
milligrams
.
This technology, while greatly reducing the
time and effort involved in synthesis, is considerably more
expensive and does not allow for larger scales of production.
Synthesis of proteins greater than 50 residues in length
usually proceeds through a "segment condensation" involving
the coupling of several fragments 10-30 residues long. Using
this strategy. Kaiser and coworkers'*'^ synthe-sized a number of
variants of ribonuclease Tl and model apolipoproteins for
structural analyses.
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Oligopeptides are traditionally prepared by solution
phase peptide synthesis in organic solvents such as
dimethylsulfoxide or N, N-dimethylformamide
. The conden-
sations involved in the oligopeptide construction, and in its
subsequent polymerization, are usually accomplished through
an activated ester at the C-terminus, such as the p-
nitrophenyl or pentachlorophenyl ester. The amine
functionality is protected with either the t-butyloxycarbonyl
(t-BOC) or 9-fluorenylmethyloxycarbonyl (FMOC) group. These
groups can be removed by treatment with acids (for t-BOC),
bases (for FMOC), or catalytic hydrogenat ion . The oligomeric
amino ester self condenses to generate high molecular weight
polypeptides. This strategy has been a general route to the
production of a number of sequence-controlled materials
designed to mimic natural repetitive polypeptides. A number
of these sequences are listed in Table 1.2.
Such synthetic polypeptides, with amino acid sequences
related to natural fibrous proteins, have been of great value
in understanding the physical and conformational properties
of their more complex natural counterparts. For the silk
fibroins in general and Bombyx mori fibroin in particular,
poly [Ala-Gly-Ala-Gly-Ser-Gly ] has proven to be an excellent
model polypept ide'*'^ . This can be further simplified by
disregarding the packing differences between the serine CH2OH
and the alanine CH3 sidechains, thus reducing the model to a
chain comprised of alternating glycines and alanines. Go and
coworkers''^ first reported the synthesis of the polypeptide
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poly[Gly-Ala], and observed that the infrared spectrum and x-
ray pattern of the material closely resembled those of B.
mori fibroin. Fraser and MacRae^^ studied oriented films of
poly[Ala-Gly] possessing sufficient crystallinity to allow
determination of the polymer unit cell. The pattern could be
indexed to an orthorhombic unit cell of dimensions a = 9.44 A
(interchain distance), i) = 8.96 A (intersheet distance), and
c = 6.94 A (distance along the chain). This is in very good
agreement with the unit cell of B. mori fibroin, which has
the dimensions of a = 9.40 A, b = 9.20 A, and c = 6.97 A.
The values for B. mori fibroin, reported by Marsh et al.^^,
were originally indexed such that the distance along the
chain was designated as the b axis. An antiparallel j3-sheet
structure was proposed, based on unit cell dimensions and
intensities of the 001 reflections. In this work the
distance along the chain will be assigned as the c dimension.
Infrared experiments on oriented films cast from formic
or dichloroacetic acid indicated that the structure was a P-
sheet, with an Amide I resonance at 1625 cm''"' and an Amide II
resonance at 1535 cm"''' . Dichroism experiments on this
material indicated that the chain direction was perpendicular
to the direction of stroking. In contrast, the infrared
dichroism characteristics of B. mori fibroin indicated that
the chains were oriented parallel to the direction of
stroking in films and fibers'*^. A comparison of the infrared
characteristics of these two materials is shown in Figure
1.8.
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Table 1.2
Chemically synthesized repetitive polypeptides
From Peggion and Goodman ^
.
Seqygnce Natural anal naup
[Ala-Gly]j^ silk fibroin
[Gly-Ser-Gly] silk fibroin
[Ala-Gly-Ala-Gly-Ser-Gly] silk fibroin
[Ala-Ala-Ala-Gly] silk fibroin
[Ala-Gly-Gly] collagen
[Gly-Pro-Pro] collagen
[Gly-Pro-Hyp] collagen
[Gly-Pro-Gly] collagen
[Ala-Pro-Gly] collagen
[Val-Pro-Gly-Gly] elastin
[Val-Pro-Gly-Val-Gly] elastin
[Ala-Pro-Gly-Val-Gly-Val] elastin
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Although the synthetic polypeptide and the natural
fibroin both exist in antiparallel |3-sheet conformations, the
chains adopt different conformations in response to
orientation. The synthetic polypeptide adopts a "cross-p"
structure, which can arise from one of two mechanisms. The
first assumes that the chains are relatively short in length,
and their side-to-side aggregation leads to the formation of
crystallites that are longer in the direction of hydrogen-
bonding than in the direction of the chain'^^. Upon mechanical
orientation, the crystallites align with the longest crystal
dimension in the direction of stroking. The second mechanism
assumes the regular folding of a single polypeptide chain of
moderate length, also generating crystallites in which the
hydrogen-bonding dimension is longer than the chain
dimension. The first mechanism is generally considered to be
the explanation for cross-P structure in low molecular weight
synthetic polypept ides'* '^^ . The regular folding of
polypeptide chains has been seen in thermally denatured
4 9proteins , and in several insect silks, most notably the egg
stalk protein from the green lacewing fly Chrysopa flava^^.
In the antiparallel sheets proposed for both B. mori
fibroin and poly [Ala-Gly ] , the periodic alanine methyl groups
would all be positioned on one face of the p-sheet. This
leads to two possible modes of solid-state organization; with
the intersheet contacts being between the glycine face of one
sheet and the alanine face of the other sheet (Figure 1.9a),
or with glycyl-glycyl and alanyl-alanyl contacts between the
26
two sheets (Figure 1.9b). This latter arrangement was
suggested by Marsh as the organization of sheets in B. mori
fibroin. In such a configuration, the x-ray diffraction
pattern should exhibit considerable intensity in the 001
reflections when i is odd. Fraser"^^ calculated the 001
intensities based on the assumption that the model proposed
for B. mori fibroin was also applicable to its synthetic
analogue poly [Ala-Gly ]
. Significant intensity was observed
for the 001 and 003 reflections of poly [Ala-Gly ] , indicating
that the sheets were oriented as shown in Figure 1.9b. These
intensities were sensitive to the distances of intersheet
spacing, and were used to refine the predicted distances for
the glycyl-glycyl and alanyl-alanyl surfaces. The revised
distances of 3.79 A for the glycyl-glycyl faces and 5.17 A
for the alanyl-alanyl faces are in very good agreement with
similarly refined values calculated for the chymotrypsin
precipitable fraction of B. mori silk fibroin (glycyl-glycyl
intersheet spacing = 3.87 A, alanyl-alanyl intersheet spacing
= 5.26 A)
.
Although the exact positioning of the sheets with
respect to one another was not unambiguously determined, the
intensities of the 200 and 201 reflections are consistent
with a displacement, or "stagger", of of approximately a/4
between adjacent sheets in poly [Ala-Gly ] '^^ . Similar
displacements have been proposed for B. mori fibroin and are
schematically represented in Figure 1.10.
When poly [Ala-Gly ] is isolated from concentrated aqueous
27
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Figure 1.8. Comparison of infrared dichroism character-
istics for poly [Ala-Gly] and B. mori fibroin. From
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Fraser and MacRae
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solutions of metal salts such as lithium bromide, lithium
isocyanate, or cupr iethylene diamine a second crystalline
form of the material (poly [Ala-Gly ] li) is observed^^
. The
precipitate is comprised of lamellar single crystals whose
diffraction pattern indicates an orthorhombic unit cell of
dimensions a = 4.72 A, b = 14.4 A, and c = 9.4 A. Based on
geometrical concerns, a polypeptide conform-at ion has been
proposed^^ which has a geometry not unlike a crankshaft
(Figure 1 . 11a) .
The conformation of the alanine residues is similar to
those in p-sheet structures, but the glycine residues adopt
conformations more closely resembling those seen in a-
helices. The positions of the carboxyl and amide groups
allow for hydrogen bonding of these chains into sheet-like
structures (Figure 1.11b).
When silk is isolated from the silk gland without
mechanical disturbance, a second, unstable form is isolated^^
This material, known as silk I (or a-silk in the Japanese
literature, though its structure bears no
resemblance to a-helices) , can be transformed into a
disordered p form by mechanical orientation such as
stretching, rolling, or extrusion. This material reflects
the conformation of the fibroin in the gland prior to fiber
spinning. Powder diffraction patterns of this form appear
unrelated to the fibroin isolated fron cocoons, and have been
indexed to a unit cell of dimensions a = 4.59 A, = 7.4 A,
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cFigure 1.9. Possible packing of antiparallel p-sheets
in S. mori fibroin and poly [Ala-Gly ] . (a) Gly-Ala
contact between sheets; (b) Gly-Gly, Ala-Ala contacts.
4 3
Adapted from Fraser and MacRae
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Figure 1.10. "Staggering" of successive p-sheets
4 3
in poly [Ala-Gly ] . Adapted from Fraser and MacRae .
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resemblance to a-helices)
, can be transformed into a
disordered P form by mechanical orientation such as
stretching, rolling, or extrusion. This material reflects
the conformation of the fibroin in the gland prior to fiber
spinning. Powder diffraction patterns of this form appear
unrelated to the fibroin isolated fron cocoons, and have
been indexed to a unit cell of dimensions a = 4.59 A, b =
7.4 A, and c = 9.08 A containing a single chain^^
.
Although the conformational parameters of this material have
not been fully determined, this is consistent with the model
for poly [Ala-Gly] II provided that the b dimension is
doubled
.
It is clear from these experiments that sequential
polypeptides, based on natural fibrous proteins, are in many
aspects virtually identical to their more sophisticated
natural counterparts. Other examples would be poly [Gly-Pro-
Pro] and poly [Gly-Hyp-Pro] as analogues of collagen^''' and
poly [Val-Pro-Gly-Val-Gly ] as an analogue of mammalian
elastins^^.
1.4. Repetitive polypeptides via recombinant DNA technology
Recent advances in the technology of oligonucleotide
synthesis have allowed, for the first time, the total
chemical synthesis of a gene to be a viable alternative to
the conventional methods of isolation and cloning. Groger^''
32
I(a)
Figure l.il. (a) conformational model proposed for
poly [Ala-Gly 1 II. (b) organization into extended sheet
structures. Adapted from Lotz and Keith^^ .
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has published an extensive list of chemically synthesized
genes, demonstrating successful production of a number of
biologically important peptides. In contrast, the liter-
ature concerning the use of synthetic genes to produce novel
polymeric materials is sparse; this is in spite of the fact
that, at its most fundamental level, biosynthesis is a
polymerization method of wide scope and exquisite control.
The first published report of synthetic polypeptides
produced by these methods was that of Doel and coworkers^^,
who constructed a gene encoding poly [Asp-Phe ] by the
polymerization of chemically synthesized dodecanucleot ides
.
They stably maintained repetitive sequences up to 900 base
pairs in E. coll HBlOl, and demonstrated poly [Asp-Phe
]
production by showing that a prominent new band seen in gel
electrophoresis was strongly labeled by both '"'^C-
phenylalanine and '"'^C-aspart ic acid. Kangas, Cooney, and
5 9Gomez success-fully fused a poly [Pro] sequence to the 3'-
end of the ^-lactamase gene, and were able to demonstrate
proline enrichment in the isolated fusion protein.
Not all attempts at biosynthesis of novel proteins have
6 0
met with success. Biernat and Koester reported the
successful expression of synthetic genes coding for novel,
nutritionally rich artificial proteins using an in vitro
translation system. However, when they attempted expression
in E. coll minicells, several of these proteins were found
to be unstable. Gupta, Weigh, and Somerville^-'- were unable
to detect any trace of protein from an artificial gene
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encoding the repeating polypeptide [Phe-Trp-Pro-Lys
]
^,
despite the use of both in vivo and in vitro expression
systems
.
Recently, Goldberg and Salerno^^ described attempts at
biological production of the collagen-like poly [Gly-Pro-
Pro]
.
They constructed a gene encoding the polypeptide by
the enzymatic polymerization of an 18 base pair fragment,
but encountered difficulties in maintaining gene size and in
vivo stability of the protein product.
To produce repetitive polypeptides biosynthet ically
,
the encoding gene must be constructed by the enzymatic
polymerization of relatively short oligonucleotide
fragments. Requisite in these constructions is that the
fragments polymerize "head-to-tail" to maintain the proper
reading frame. Early efforts to insert multiple copies of a
DNA segment into bacterial plasmids resulted in the
observation that while the self-ligat ion of DNA fragments
into polymers could be achieved, the repetitive elements
were usually unstable in vivo unless all copies were present
in the same orientation^-^' . Sadler^^ demonstrated that
while the presence of inverted repeats led to in vivo
instability, long stretches of tandemly repeated sequences
formed stable assemblies. Hartley and Gregori^^ developed a
method for strong selection of tandem repeats using the
nonpalindromic restriction enzyme Aval. They constructed a
plasmid containing 34 repeats of a 123 base pair sequence
from a cloned rat prolactin gene. This plasmid was stable
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Sizes of stably maintained constructs ranged from 13 repeats
of a 18 bp sequence to 20 repeats of a 180 bp sequence^"^.
1.5. Scope of the work
A problem of central importance in polymer materials
science is the preparation of polymers of repetitive or
periodic structure. The regularity of such chains controls
their organization in the solid state and defines the
kinetics and thermodynamics of the ordering processes that
accompany solidification. Because they exhibit a number of
well defined, sequence-dependent structural motifs, periodic
polypeptides offer a logical starting point for an
exploration of the general relations that link the chemical
structure and solid-state organization of polymer chains.
A conceptual outline of this work is shown in Figure
1.12. Target polymers are designed to address ideas and
questions from polymer materials science. An amino acid
sequence is chosen, and encoded into a short segment of
deoxyribonucleic acid (DNA) . This DNA "monomer" is self-
ligated to generate a population of multimerized fragments.
After isolation these coding sequences can be inserted into a
bacterial expression vector, and the recombinant plasmids
used to transform the organism in which protein production is
anticipated.
As our first objective, we wish to determine the effect
of introducing periodic turns into otherwise well-
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sequence is chosen, and encoded into a short segment of
deoxyribonucleic acid (DNA)
. This DNA "monomer" is self-
ligated to generate a population of multimerized fragments.
After isolation these coding sequences can be inserted into
a bacterial expression vector, and the recombinant plasmids
used to transform the organism in which protein production
is ant icipated
,
As our first objective, we wish to determine the effect
of introducing periodic turns into otherwise well-
characterized structural polypeptides . By such rational
alterations of the primary amino acid sequence , it should be
possible to introduce periodic reversals of chain direction,
and thereby control the crystal thickness and surface
functionality of the polymeric material. Such materials
have a number of potential applications, ranging from the
modif icat ion of surface properties in coatings to elect ro-
optical applications
.
Toward this end, we have created a series of genes
which encode repetitive polypeptides of sequences 1 and 2
.
[ (Ala-Gly) 3-Pro-Glu-Gly ] ^ 1
[ (Ala-Gly) 3-Asn-Gly]^ 2
The rationale of construct 1 is as follows: the
repeating alanine-glycine dyads are expected to form
extended b-sheet structures, analogous to the antiparallel
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p-sheet structures observed in B. mori silk and poly [Ala-
Gly]
.
Proline shows a strong tendency to reside in
reverse turns in globular proteins^^^ and the repeating
prolines, unlikely to be accommodated by the p-sheet, should
force periodic reversals of the chain direction. Due to its
bulky, polar sidechain, glutamic acid is one of the poorest
P-sheet forming residues^^, and should assist in the
termination of the nascent p-sheet.
The proposed result is a chain that extends over ca. 30
A before reversing its direction, and should crystallize in
the chain-folded manner of synthetic polymers in general.
The critical difference is the ability to control the
regular spacing of the proline "defects", as well as the
identity of the neighboring groups that should populate the
fold surfaces.
In sequence 2, the composition of the turn sequence has
been modified to reflect a consensus sequence for turns
connecting two antiparallel P-strands, as described by
Sibanda and Thornton
. Asparagine is both a strong turn
forming and poor p-sheet forming residue. This group should
act as a sheet terminator, and in it iate a reversal of chain
direct ion . The glycine res idue at posit ion i + 2 in the
turn a 1 lows greater flexibility in forming the t ight turn
.
This "tight" chain reversal will mimic the adjacent
reentry model proposed for synthetic polymers such as
polyethylene^^. As with sequence 1, the critical factor is
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Figure 1.12. Conceptual outline of biosynthetic
polymer izat ions
.
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control over the placement of the sequences capable of turn
formation. Repetition of this motif should generate a
material that folds with a periodicity of ca. 24 A,
initiated at the periodic asparagine residues.
We have chosen to investigate these polypeptides as
potential chain-folded materials with tightly controlled
chain microst ructures
.
Detailed structural analysis of the molecular
organization of chains within the polymeric crystal will be
accomplished through vibrational spectroscopy and coherent
scattering experiments, and to a limited extent through
differential scanning calorimetry.
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CHAPTER 2
EXPERIMENTAL SECTION
2,1. Materials and Methods
2.1.1. Materials
2.1.1.1. Reagents
5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside Sigma
Acetic acid, glacial Fisher
Acrylamide, 9 9+% BRL
Adenosine triphosphate (ATP
)
Sigma
Amberlite MB-3 ion exchange resin Aldrich
Ammonium chloride, 98% Sigma
Ammonium persulfate, 99% BRL
Ammonium sulfate, 99+% Schwartz -Mann
Ampicillin^ sodium salt, 99% Aldrich
p- i sopropylthiogalacto side ( IPTG) Sigma
P-mercaptoethanol, 99% Fisher
Bacto-Tryptone Dif CO
Bisacrylamide , 99+% BRL
Boric acid, 99% Sigma
Bromophenol Blue, Reagent grade Aldrich
Calcium chloride, Reagent grade Fisher
Chloramphenicol , 99% Sigma
Coomassie Blue G-250, Reagent grade Aldrich
Cyanogen Bromide, 97%
Aldrich
DEAE-Sephadex A-25 ion exchange resin Pharmacia
Dithiothreitol (DTT)
, 99% Sigma
EDTA, disodium salt, 99+% Sigma
Ethanol, 100% Pharmco
Formic acid, 88% Fisher
Glucose, 99% Sigma
Glycerol, Reagent grade Fisher
Glycine, 99% Sigma
H-glycine, ImCi/mL Dupont/NEN
Hydrogen chloride, Reagent grade Fisher
Isopropanol, Reagent grade Fisher
L-Alanine, 99% Sigma
L-Arginine, 99% Sigma
L-Asparagine, 9 9% Sigma
L-Aspart ic acid, 99% Sigma
L-Cysteine, 99% Sigma
L-Glutamic acid, 99% Sigma
L-Glutamine, 99% Sigma
L-Histidine, 99% Sigma
L-Isoleucine, 99% Sigma
L-Leucine, 99% Sigma
L-Lysine, 99% Sigma
L-Methionine, 99% Sigma
L-Phenylalanine, 99% Sigma
L-Proline, 99% Sigma
L-Serine, 99% Sigma
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L—Threonine:* QQ9-
o igiua
L—TrVDt onh;^ n Q Q 9-
o ±giua
L—Tvrosinp QQs-
Sigma
Sigma
Magnesium chloride, Reagent grade Fisher
Magnesium sulfate heptahydrate, Reagent grade F i 55 hp r
n Dutanoi, Reagent grade
Fisher
Phenol, 99+%
BRL
Poly (ethylene glycol), MW 8000 Sigma
Serum albumin, Bovine, Fraction V, 96-99% Sigma
Sodium acetate. Reagent grade Fisher
Sodium chloride. Reagent grade Fisher
bodium dodecylsulfate (SDS)
, 99+% Sigma
bodium hydroxide. Reagent grade Fisher
bodium phosphate, monobasic. Reagent grade Fisher
Sodium phosphate, dibasic. Reagent grade Fisher
Tetramethylethylenediamine, 99% BRL
Tris Base, 99 , 9% Sigma
Urea, yy-s BRL
Vitamin Bl Sigma
Yeast Extract Difco
Zinc chloride, Reagent grade Fisher
43
2.1.1.2. Stock solutiions
All stock solutions were prepared in distilled,
deionized water unless otherwise indicated. An asterisk (*)
indicates that the stock solution was autoclaved prior to
use. A dagger (t) indicates that the solution was filter-
sterilized through a 0 . 2 |im filter before use.
Adenosine triphosphate
Ammonium persulfate
Ampicillin, sodium salt
Chloramphenicol
Calcium chloride
Dithiothreitol
EDTA, disodium salt
Glucose
Glycerol
P-isopropylthiogalactoside { IPTG)
Magnesium chloride
Magnesium sulfate, heptahydrate
Poly (ethylene glycol), MW 8000
10 mM
10 wt%
200 mg/raLt
25 mg/mL in 95% ethanolt
1 M*
0 . 4 Mt
0.5 M, pH to 8.0 with NaOH*
1 Mt
50% (v/v)
*
0.2 M in DMFt
1 M*
1 M*
4 0 wt%
Sodium acetate 3 M, pH to 4.8 with acetic acid*
Sodium chloride 5 M*
Sodium dodecylsulfate (SDS)
Sodium hydroxide
Tris-HCl pH 8.0
Tris-HCl pH 7.5
20 wt%t
2 Mt
1 M, pH to 8.0 with HCl*
2 M, pH to 7 . 5 with HCl*
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vitamin Bl
Zinc chloride
X-gal
0 . 2 % t
1 M
40 mg/mL in DMFt
2.1.1.3. Other solutions
Phenol solutions:
Phenol crystals were melted at 65 °C, and extracted
three to six times with an equal volume of 1 M Tris-HCl pH
7.5. The pH of the aqueous layer was continually tested, and
extractions stopped when the supernatant pH was 7.5. Phenol
solutions were stabilized by the addition of 10 mg 8-
hydroxyquinoline per 100 mL of phenol solution. Phenol
solutions were stored at 4 °C in the dark.
Acrylamide solution:
380 gm acrylamide and 20 gm bisacrylamide were dissolved
in 700 mL of distilled, deionized water, and the volume
adjusted to 1 liter. The solution was filter sterilized
prior to use, and stored at 4 °C in the dark.
25x AA solution:
50 mg of each amino acid was dissolved in 85 mL of
distilled, deionized water. The pH of the solution was
adjusted to 7.0 with 2 M NaOH, and the volume brought to 100
mL with distilled, deionized water. The solution was filter-
sterilized prior to use, and stored at 4 °C in the dark.
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2.1.1.4. Buffers for gel electrophoresis
lOx TBE buffer:
216 gm Tris base
110 gm Boric acid
18.6 gm EDTA, disodium salt
Volume to 2 liters with distilled, deionized water
Stacking gel buffer:
6 gm Tris base
1.6 mL 0.5 M EDTA solution
2 mL of 20% SDS solution
Adjust pH to 6.8 with HCl
Volume to 100 mL with distilled, deionized water
Separation gel buffer:
90.75 gm Tris base
8 mL 0.5 M EDTA solution
10 mL 20% SDS solution
Adjust to pH 8.8 with HCl
Volume to 500 mL with distilled, deionized water
Running buffer:
230.4 gm glycine
32 mL 0.5 M EDTA solution
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40 mL 20% SDS solution
Dilute to 7 liters with distilled, deionized water
Adjust pH to 8.6 with Tris base
Volume to 8 liters with distilled, deionized water
2.1.1.5. Media
YT medium:
5 gm Yeast extract
8 gm Bacto-tryptone
5 gm NaCl
Volume to 1 liter, autoclave before using
4x YT medium:
20 gm Yeast extract
8 gm Bacto-tryptone
5 gm NaCl
Volume to 1 liter, autoclave before using
M9AA medium:
6 gm Na2HP04
3 gm NaH2P04
1 gm NH^Cl
0.5 gm NaCl
Adjust pH to 7.4 with NaOH
Volume to 1 liter, autoclave. Then add
20 mL 1 M glucose
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0.1 mL 1 M CaCl2
2 mL 1 M MgSO^
40 mL 25x AA solution
1 mL 0.2% Vitamin Bl solution
2.1.1.6. Enzymes
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
U.S. Biochemical
2.1.2.1. Preparation of competent cells
Competent cells were prepared by growing each culture in
YT media at 37 for 12-16 hrs . A portion of this culture
(usually 400-600 )IL) was used to inoculate 20 mL of sterile
YT. Each culture was grown at 37 with vigorous aeration
until the optical density at 600 nm (ODgQQ) was 0.5
(approximately 5 x 10^ cells/mL) . The cells were pelleted by
AP^I 4 Units/mL
Aval 10 Units/mL
EcoRI 20 Units/mL
BamHI 20 Units/mL
BanI 20 Units/mL
T4 polynucleotide kinase 10 Units/mL
T4 DNA ligase 400 Units/mL
Calf Intestinal
alkaline phosphatase 16 Units/mL
2.1.2 General methods
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2centrifugation at 3,000 x g for 10 min at 4 °C and
resuspended in 8 mL of ice-cold 75 mM CaCl2, 15 mM MgCl
Cells were incubated for 20 min on ice, then centrifuged at
3,000 X g for 5 min at 4 °C
.
The supernatant was removed and
the cells resuspended in 2 mL of fresh ice-cold 75 mM CaCl2,
15 mM MgCl2 solution. These cells were stored on ice prior
to use. Unused cells were mixed with an equal volume of 50%
aqueous glycerol solution and frozen in 200 M-L aliquots at -
80 °C. Typical transformation efficiencies were 5-7 x 10^
transformants per microgram of DNA when pBR322 was used as
control
.
2.1.2.2. Isolation of plasmid DNA from liquid cultures
All plasmid DNA was isolated using a modification of the
alkaline lysis method of Birnboim and Doly"^^. Cells were
isolated from 1.5 mL of saturated culture by centrifugation
at 13,500 X g for 3 min at room temperature. The supernatant
was removed, and the cells resuspended in 100 |IL of GTE
buffer (50 mM glucose, 25 mM Tris-HCl pH 7.5, and 10 mM
EDTA) . The cells were incubated at room temperature for 5
min, and lysed by the addition of 200 |IL of a 0.2 M NaOH
solution containing 1% SDS . The reaction was incubated for
10-20 min on ice, and the chromosomal DNA precipitated by the
addition of 150 |iL of 3 M NaOAc pH 4.8. After 20 min on ice,
the reaction was centrifuged at 13,500 x g for 5 min at room
temperature. The supernatant was collected (carefully
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avoiding any of the chromosomal pellet) and transferred to a
fresh tube. RNAse A (1 ^IL of a 10 mg/mL solution) was added
and the reaction incubated at 37 °C for 30 min
. The solution
was then extracted with 450 [LL of phenol/chloroform 1:1.
Plasmid DNA was precipitated by the addition of 500 [iL
of isopropanol, incubated at -20 °C for 1-2 hrs, and isolated
by centrifugation at 13, 500 x g for 30 min at 4 °C . The
supernatant was poured off and the pellet washed with 200 )IL
of a 70% ethanol solution to remove residual salts. The
pellet was resuspended in 35 |J.L of distilled, deionized water
and centrifuged at 13,500 x g for 5 min to remove
particulates. The supernatant was collected and mixed with
14 |IL of a 25% poly (ethylene glycol) solution containing 3 M
NaCl. The solutions were mixed by repetitive pipetting and
incubated on ice 30 min. The solution was then centrifuged
at 13, 500 X g for 30 min at 4 °C to pellet the DNA, and the
supernatant carefully removed by aspiration. Typical yields
of plasmid were 1-2 ^ig, free of contaminating RNA or
chromosomal DNA.
2.1.2.3. Purification of DNA fragments by elect roelution
Purification of DNA was accomplished in the following
manner: fragments of interest were separated from unwanted
nucleic acids by electrophoresis and excised from the gel using
a razor blade. The gel slices were placed in an IBI Model UEA
Electroeluter and eluted at 100 V constant voltage in Ix TBE
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for 30-60 min, depending on fragment size. DNA was eluted. into
a high concentration sodium acetate buffer (approximately 1 m)
of ca. 500 ^IL, collected by syringe, and precipitated by the
addition of 100 ^g of oyster glycogen and 500 }IL of 100%
isopropanol. Precipitation was accomplished at -20 °C for 6-16
hrs. DNAs were isolated by cent rifugat ion at 13,500 x g for 30
min at 4 °C and washed with 400 ^IL of a 70% ethanol solution to
remove residual salts prior to resuspension
.
2.1.2.4. Routine measurements
DNA concentrations were measured on a Gilford spectro-
photometer in distilled water using quartz cuvettes with a path
length of 1 cm. For amounts of DNA less than 10 |Ig,
concentrations were determined by comparing fluorescence
intensities of ethidium bromide-stained samples to known
amounts of a DNA standard.
Ultraviolet spectra of purified polypeptides were
obtained in distilled water on a Hitachi U2000
spectrophotometer using quartz cuvettes with a path length of 1
cm.
Optical scattering measurements at 600 nm on liquid
cultures were obtained on either a Klett-Summerston meter using
sidearm flasks or on a Hitachi U2000 spectrophotometer using
disposable polystyrene cuvettes with a path length of 1 cm.
Liquid scintillation counting of tritiated samples was
performed on a Beckman LS1800 liquid scintillation counter
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using Omni-Fluor® liquid scintillation cocktail. Aqueous
samples were dried onto glass fiber disks before counting.
^H-NMR measurements were performed in on a Varian XL-
300 spectrometer at a frequency of 300 MHz. ^^C-NMR
measurements were performed in on a Varian XL-200
spectrometer at a frequency of 50 MHz.
Wide angle x-ray diffraction measurements on purified
polypeptides were obtained on a Statton x-ray camera using CuK
radiation and a sample to film distance of 75.2 mm.
Thermal analysis of polymers was performed on a Perkin-
Elmer DSC-4 Thermal Analysis System using indium as a
calibration standard.
Infrared analysis was performed on a IBM System 9000
Fourier Transform infrared spectrophotometer.
Elemental analyses were performed at the University of
Massachusetts Microanalytical laboratory. Amino acid
compositional analyses were performed at Protein Polymer
Technologies, Inc., San Diego, CA. N-terminal sequencing was
performed at the University of Wyoming, Laramie, WYO.
2.2. Synthesis of proteins containing repeated [(AOjPEG]
domains
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2.2.1. Construction of the [(AG)3PEG] monomer
2.2.1.1. Synthesis and purification of oligonucleotides
Oligonucleotides were synthesized on a Biosearch Model
8700 DNA Synthesizer using the p-cyanoethylphosphoramidite
chemistry of McBride and Caruthers"^^
. Syntheses were carried
out on a 1.0 [Irnole scale using a controlled pore glass
support functionalized with the 3' base of the sequence.
Crude oligonucleotides were cleaved from the support by
treatment with concentrated NH^OH at 65 °C for 16 hrs. The
DNA solution was dried in vacuo and the pellet resuspended in
1 mL of distilled, deionized water. Yields of the syntheses
were calculated by measuring the optical absorbance of the
solution at 260 nm, and are based on a theoretical maximum of
22.68 mg
.
Oligonucleotide #1: 5'- AAT TCG TAA GGT GCC GGC GCT GGT GCG
GGC CCG GAA GGT GCA GGC GCT GGT GCG GGC CCG GAA GGT GCC G
Crude yield = 5.875 mg (25.9%)
Oligonucleotide #2: 5'- GAT CCC GCA CCT TCC GGG CCC GCA CCA
GCG CCT GCA CCT TCC GGG CCC GCA CCA GCG CCG GCA CCT TAC G
Crude yield = 5.325 mg (23.5%)
Crude oligonucleotides were purified by preparative gel
electrophoresis using 15% polyacrylamide gels containing 8.3
M urea. Samples in formamide/water 1:1 were heated to 95 °C
for 5 min, loaded onto a 60 cm 15% acrylamide gel, and
electrophoresed at 50 W constant power for 16 hrs. The
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product band was visualized by ultraviolet light shadowing
against a fluorescent background and excised from the gel.
The gel slices were crushed through a 1 mL syringe and
the purified oligonucleotides eluted in 1.4 mL of 500 mM
NH4OAC, 0.1% SDS, 10 mM Mg(0Ac)2, ^ ^ ^DTA at 42 °C for
24 hrs. The elution mixture was loaded into a 3 mL syringe
plugged with siliconized glass wool and the eluate collected
by centrifugation at 3,150 x g for 3 min. The eluates were
concentrated by repeated n-butanol extractions to a final
volume of 400 [LL
.
To each tube was added 50 |IL of 3 M NaOAc
pH 4.8 and 100 |lg of oyster glycogen (10 ^L of a 10 mg/mL
solution)
.
The oligonucleotides were precipitated by the
addition of 1.1 mL of 100% ethanol, and stored at -20 °C
overnight. The precipitated DNA was isolated by
centrifugation at 13, 500 x g for 30 min at -20 °C . The
pellets were washed twice with 200 |IL of a 70% ethanol
solution to remove residual salt and dried in vacuo.
Oligonucleotides were resuspended in 50 [LL of a 10 mM Tris-
HCl pH 8.0, 1 mM EDTA solution and the recovery calculated by
optical absorbance at 260 nm.
Yield of purified oligonucleotide #1 = 22.5 |Ig (2.0%, based
on 1100 p.g crude material) .
Yield of purified oligonucleotide #2 = 25.0 |lg (2.3%, based
on 1100 |ig crude material) .
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.2.1.2. Phosphorylation and annealing
Purified oligonucleotides (500 pmol, 11.3 |ig) were each
suspended in 50 ^IL of 80 mM Tris-HCl pH 7.5, 20 mM DTT, 10 mM
MgCl2, and 1 mM ATP. T4 polynucleotide kinase (5 |IL, 50
Units) was added to each tube, and the reactions incubated at
37 °C for 45 min
.
The reactions were terminated by heating
to 95 °C for 2 min. The complementary oligonucleotides were
mixed together and the solution adjusted to a final
concentration of 100 mM NaCl. The mixture was heated to 95
°C for 1 min, then transferred to a waterbath at 80 °C and
allowed to slowly cool to room temperature over approximately
3 hrs
.
The mixture was extracted with 100 |IL of a
phenol/chloroform 1:1 mixture, and the annealed duplex
precipitated by the addition of 15 |IL of 3 M NaOAc pH 4 . 8 and
300 |iL of 100% ethanol. Precipitation was done at -20 °C
overnight, and the DNA recovered by centrifugat ion at 13,500
X g for 30 min at -20 °C. The pelleted DNA was washed twice
with 200 ^IL of a 70% ethanol solution to remove residual
salts and dried in vacuo. The DNA was resuspended in 50 |IL
of a 10 mM Tris-HCl pH 8.0, 1 mM EDTA solution.
2.2.1.3. Insertion into pUC18
pUCls"^^ (1.5 |J,g) was digested in 50 fXL of 100 mM NaCl,
10 mM Tris-HCl pH 7.5, and 10 mM MgCl2 with EcoRI (1 ^IL, 20
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Units) and BamHI (1 ^l, 50 Units) at 37 °c for 3 hrs
.
Electrophoretic analysis in 1% agarose gel showed that
digestion was complete. A portion of this digest (150 ng)
was added to 20 ng of the synthetic duplex in 20 ^IL of 50 mM
Tris-HCl pH 8.0, 10 mM MgCl2, 20 mM DTT, and 1 mM ATP
. The
molar ratio of insert to vector was 5 . 1 : 1 . The solution was
incubated in a beaker of ice water for 10 min. T4 DNA ligas
(1 [iL, 6 Weiss Units) was added, and the beaker transferred
to a 14 °C incubator overnight.
2.2.1.4. Transformation of DHSttF'
Competent E. coli DHSttF' were prepared as described in
section 2.1.2.1. An aliquot of these competent cells (200
^IL) was mixed with 10 |IL of the ligation reaction, and
incubated on ice for 2 hrs. Cells were heat-shocked at 42 °C
for 1 min, and placed on ice for 5 min. Fresh YT medium (1
mL) was added to the transformation mixture, and the cells
incubated at 37 °C for 1 hr to express antibiotic resistance.
The transformation mix was plated onto YT plates containing
200 |lg/mL ampicillin, 100 |J,g/mL of the sugar analogue P-
isopropylthiogalactoside (IPTG), and 200 ng/mL of the
chromogenic substrate 5-bromo-4-chloro-3-indolyl-P-D-
galactopyranoside (X-Gal) . Plates were incubated at 37 °C
overnight. After 16 hrs 261 colonies were observed, of which
180 were colorless.
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.1.5. Isolation of pUC18- [ (AG) 3PEG]
2
Liquid cultures were prepared from 12 colorless
transformants, and plasmid DNA isolated as described in
section 2.1.2.2.
The isolated plasmids (ca. 1-2 jig) were digested in 50
^IL of 10 mM Tris-HCl pH 7.5, 10 mM MgCl2 containing 20 Units
of Apal at 37 °C for 16 hrs
.
All plasmids gave restriction
digestion patterns consistent with a recombinant pUC18
containing the synthetic DNA fragment. One of these plasmids
was chosen for further analysis. The strain containing this
plasmid was grown in 1 liter of 4x YT medium containing 200
[Lq/mL of ampicillin to saturation for 24 hrs at 37 °C . The
plasmid was isolated by scaling up the method of section
2.1,2.2. The resulting plasmid (4.86 mg) was free of any
contaminating chromosomal DNA or RNA by gel analysis.
This plasmid was sequenced by a modified version of the
7EG&G double-stranded sequencing protocol , and the sequencing
reactions analyzed on a 6% polyacrylamide gel containing 8.3
M urea. The samples were electrophoresed at 60 W constant
power until the bromophenol blue tracking dye reached the
bottom of the gel. The gels were dried down onto Whatman 3MM
filter paper and exposed overnight at -80 °C. The sequence
analysis verified that there were no errors or deletions in
the 70 base pair synthetic oligonucleotides.
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2.2.1.6. Isolation of the [(AG)3PEG]2 monomer
pUC18-[(AG)3PEG]2 (400 ^Ig) was resuspended in 1 mL of 10
mM Tris-HCl pH 7.5, 10 mM MgCl2 containing 2500 Units of
Banl. The reaction was incubated at 37 °C overnight.
Electrophoretic analysis in 2% agarose confirmed the presence
of an insert. A portion of the digest (200 \IL) was loaded
onto a 20 cm 2% agarose gel and electrophoresed at 125 V for
2 hrs. The 54 bp monomer fragment was excised from the gel
and electroeluted at 90 V for 40 min. The purified monomer
was resuspended in 20 |IL of distilled, deionized water. The
amount of monomer recovered was quantitated by running 2 |iL
of the monomer solution on a 2% agarose gel and comparing the
ethidium bromide fluorescence intensity to known amounts of a
A,-HindIII DNA standard. The amount of [(AG)3PEG]2 monomer
recovered was 1100-1200 ng (60-75% recovery).
2.2.1.7. Polymerization of the [(AG)3PEG]2 monomer
Purified [(AG)3PEG]2 monomer (1 }lg) was resuspended in
19 [XL of 50 mM Tris-HCl pH 8.0, 20 mM DTT, 10 mM MgCl2, 1 mM
ATP and placed in a beaker of ice water for 10 min. T4 DNA
ligase (1 |iL, 6 Weiss Units) was added and the reaction
incubated at 14 °C for 16 hrs. The ligation products were
analyzed on a 1.5% agarose gel electrophoresed at 100 V for 2
hrs. Degrees of polymerization greater than 40 were seen,
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with the average species having a degree of polymerization
around 10
.
2.2.2. Insertion into p937.51
2.2.2.1. Preparation of p937.51
p937.51 in HBlOl was grown under chloramphenicol
selection (25 |Ig/mL) in 5 mL YT to saturation. Plasmid DNA
was isolated by the modified alkaline lysis method described
in section 2.1.2.2. p937.51 (5 |ig) was digested with 50
Units of BanI in 50 of 10 mM Tris-HCl pH 7.5, 10 mM MgCl2
at 37 °C for 6 hrs
. Electrophoret ic analysis in 1% agarose
indicated that digestion was complete.
Since there is no selection for recombinants carrying
the [(AG)3PEG]2 multimers, the linearized vector was
dephosphorylated to reduce "background" p937.51 colonies
containing no insert. The following protocol was employed:
the solution containing the digested vector (ca. 5 jig) was
diluted into 500 }J.L of 100 mM glycine pH 9.6, 1 mM MgCl2, and
1 mM ZnCl2 at room temperature. Calf intestinal alkaline
phosphatase (0.05 Units) was added and the reaction incubated
at room temperature for 2 hrs. The reaction was extracted
with 500 |iL of phenol/chloroform 1:1.
The DNA was precipitated by the addition of 100 |lg of
oyster glycogen and 0.5 mL of 100% isopropanol. After 4 hrs
at -20 °C, the DNA was recovered by centrifugation at 13,500
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X g for 30 min at -20 °C
.
The supernatant was poured off and
the pellet washed twice with 200 of a 70% ethanol solution
to remove residual salts. The pellet was resuspended in 50
^IL of a 10 mM Tris-HCl pH 8.0, 1 mM EDTA solution. The
vector was quantitated on a 1% agarose gel by comparison to
known amounts of a X-Hindlll standard. Amount of vector
recovered was 4,0-4.5 |Ig (80-90% recovery).
2.2.2.2. Preparation of the multimer population
The distribution of multimerized fragments was
fractionated on a 20 cm 1.5% agarose gel run at 125 V for 2
hrs
.
The portion of the distribution greater than or equal
to 10 monomers in length was excised from the gel and
purified by electroelut ion as described in section 2.1.2.3.
The pellet was washed twice with 300 ^lL of a 70% ethanol
solution to remove residual salts, and dried in vacuo. The
fractionated multimer population was resuspended in 20 }IL of
distilled, deionized water. No estimates of recovery were
made .
2.2.2.3. Insertion conditions
Dephosphorylated p937.51-BanI digest (150 ng) was mixed
with 10 |iL of the fractionated [(AG)3PEG]2 multimer population
in 19 JIL of 50 mM Tris-HCl pH 8.0, 10 mM MgCl2, 20 mM DTT,
and 1 mM ATP. T4 DNA ligase (1 )IL, 6 Weiss Units) was added,
60
and the reaction placed into a beaker of ice water and
incubated at 14 °C overnight. Due to the heterogeneity of
the insert population, the insert /vector ratio could not be
accurately determined.
2.2.2.4. Transformation of HBlOl
Competent HBlOl cells were prepared as described in
section 2.1.2.1. An aliquot of these competent cells (200
[LL) was mixed with 10 |iL of the ligation reaction, and the
mixture incubated on ice for 2 hrs
. Cells were heat-shocked
at 42 °C for 1 min, then placed on ice for 5 min . Fresh
medium (1 mL) was added to the transformation mixture, and
cells were incubated at 37 °C for 1 hr to express antibiotic
resistance. The transformation mixture was plated onto YT
plates containing 25 |J.g/mL chloramphenicol and incubated at
37 °C overnight. After 24 hrs greater than 2000 transform-
ants were obtained.
2.2.2.5. Screening of transformants by BamHI digestion
Plasmid DNA was isolated from 60 transformants as
described in section 2.1.2.2. Plasmid DNAs (approx. 1-2 |lg)
were digested with 20 Units of BamHI in 50 ]1L of 100 mM NaCl,
10 mM Tris-HCl pH 7.5, and 10 mM MgCl2. Elect rophoretic
analysis in 1% agarose indicated that of the 60 plasmids
isolated, 22 contained some insert. Despite prior
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fractionation of the monomer population, inserts smaller than
D.P. = 10 were still seen. Insert sizes ranged from monomers
to as high as 27-mers.
2.2.2.6. Purification of multimer inserts
Inserts containing 5, 9, 14, and 27 repeats of the DNA
monomer were chosen for further analysis. Plasmid DNAs were
isolated from 100 mL of saturated culture by scaling up the
modified alkaline lysis method described in section 2.1.2.2.
Analysis of the plasmid on a 1% agarose gel revealed
virtually no RNA or chromosomal DNA contamination. These
plasmids were digested with 1000 Units of BamHI in 1000 mL of
100 mM NaCl, 10 mM Tris-HCl pH 7.5, and 10 mM MgCl2.
Fragments containing the multimer inserts were separated by
electrophoresis in 1% agarose, then excised from the gel.
These fragments were purified by electroelut ion as described
in section 2.1.2.3. Pellets were resuspended in 20 |IL 10 mM
Tris-HCl pH 8.0, 1 mM EDTA prior to use.
2.2.3. Construction of bacterial expression systems
2.2.3.1. Insertion of multimers into pET3-b
pET3-b (1 |J.g) was resuspended in 50 jlL of 10 mM Tris-
HCl pH 7.5, 10 mM MgCl2 . BamHI (2 ^IL, 40 Units) was added
and the reaction incubated at 37 °C overnight. Electro-
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phoretic analysis in 1% agarose indicated that digestion was
complete.
BamHI-digested pET3-b (ca. 200 ng per tube) was mixed
with purified multimer fragments (ca. 100 ng per tube) in 30
[LL of 50 mM Tris-HCl pH 8.0, 20 mM DTT, 10 mM MgCl2, and 1 mM
ATP, The mixtures were placed in a beaker of ice water for
10 min. T4 DNA ligase (1 ^iL, 6 Weiss Units) was added, and
the reactions incubated at 14 overnight. Insert to vector
ratios ranged from 1.5:1 to 6.7:1.
2.2.3.2. Transformation of HBlOl
Competent cells were prepared as described in section
2.1.2.1. Aliquots (200 |IL) were mixed with 10 |iL of the
ligation mixtures and incubated on ice for 2 hrs . Cells were
heat-shocked at 42 °C for 1 min, and placed on ice for 5 min.
Fresh medium (1 mL) was added to the transformation mixture,
and the cells incubated at 37 *^C for 1 hr to express
antibiotic resistance. The transformation mixes were plated
onto YT plates containing 200 |ig/mL ampicillin and incubated
at 37 °C. After 20 hrs, the following results were obtained
:
for pET3-5, 78 colonies; for pET3-9, 16 colonies; for pET3-
14, 4 colonies. pET3-27 had been constructed earlier than
the other vectors, and was used to transform two different
strains, HMS174 and BL21. From these, 22 HMS174 and 5 BL21
transformant s were obtained
.
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2.2.3.3. Isolation of recombinant vectors
To determine the presence and orientation of inserts,
plasmids were digested with Aval, whose recognition site
(G/GGCCC) occurs once within the vector and once at the 3'
end of the insert. Plasmids containing the insert in the
correct orientation yield two fragments upon digestion, a
vector fragment of 3453 bp,' and an insert fragment whose size
is related to the number of monomers in the insert. The
following insert sizes were predicted: pET3-5, 1520 bp; pET3-
9, 1736 bp; pET3-14, 2006 bp; pET3-27, 2708 bp. Plasmids
were isolated from t ransformants by the modified alkaline
lysis method described in section 2.1.2.2. The isolated
plasmids (usually 1-2 |ig) were resuspended in 50 |iL of 100 mM
NaCl, 10 mM Tris-HCl pH 7.5, and 10 mM MgCl2. Aval (2 |J.L, 20
Units) was added to each tube, and the mixtures incubated at
37 °C overnight. Electrophoretic analysis in 1% agarose
confirmed that plasmids containing inserts in the correct
orientation were isolated from each transformation.
2.2.3.4. Transformation of BL21(DE3) pLysS
BL21(DE3) transformed with pLysS, a plasmid derived from
pACYC184 encoding T7 lysozyme"^^' "^"^^ was grown under
chloramphenicol selection (25 p.g/mL) to saturation in YT for
16 hrs at 37 °C. Competent cells were prepared as described
in section 2.1.2.1. An aliquot of these cells (200 ^L) was
64
on
mixed with ca. 50-100 ng of each pET vector and incubated
ice for 2 hrs
.
Cells were heat-shocked at 42 °C for 1 min,
and placed on ice for 5 min. Fresh medium (1 mL) was added
to the transformation mixture, and the cells incubated at 37
°C for 1 hr to express antibiotic resistance. An aliquot of
the transformation mix (200 ^IL) was plated onto YT plates
containing 200 |Ig/mL ampicillin and 25 [Lg/mL chloramphenicol
and incubated at 37 °C. After 16 hrs, more than 1000
transformants were isolated from each transformation
react ion
.
2.2.4. Expression of proteins containing repeated [(AOjPEG]
domains
2.2.4.1. In vivo labeling experiments
The expression of the synthetic polypeptides was
monitored by incorporation of H-glycine into proteins
synthesized during log phase growth. Overnight cultures of
the recombinant pET vectors in BL21(DE3) pLysS were grown
under antibiotic selection in M9AA medium lacking glycine.
Cultures of BL21(DE3) pLysS [a plasmid-free control] and
BL21(DE3) pLysS transformed with pET3-b [an insert-free
control] were also grown under antibiotic selection in M9AA
lacking glycine. Portions of these saturated cultures
(usually 400-600 |iL) were each used to inoculate 10 mL of
fresh medium. All cultures were started when the optical
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density at 600 nm iOD^^^) was 0.1 (approximately lO^
cells/mL)
.
Cultures were grown until the optical density at 600 nm
reached 0.4 (approximately 5 x 10^ cells/mL)
. At this point
100 |J.Ci of H-glycine was added to each culture. Cultures
were grown to an optical density at 600 nm of 0.45, and IPTG
added to a final concentration of 0.4 mM. Growth of all
cultures was monitored for the next 2 hrs
.
At 0 and 60 min after addition of IPTG, a portion of the
growing culture containing ca . 5 x 10^ cells was removed and
centrifuged at 13,500 x g for 2 min at room temperature. The
supernatant was removed and the cells washed with 1 mL of
fresh medium to remove any ^H-glycine not absorbed. The
cells were centrifuged at 13,500 x g for 2 min, freed of
supernatant, and lysed in 200 |J.L of 10 mM Tris-HCl pH 7.5,
10% glycerol, 1% SDS, and 1% (3-mercaptoethanol . Lysates were
7 ftanalyzed by the method of Laemmli using 12% polyacrylamide
disc gel electrophoresis. Lysates were heated to 95 °C for 3
min, and 10 |J.L of each was loaded onto the gel and
electrophoresed at 10 mA constant current for 16 hrs. Under
these conditions one obtains high resolution in the range of
10,000-70,000 Da. Gels were stained with Coomassie Brilliant
Blue G-250 solution (50% methanol, 0.05% Coomassie Brilliant
Blue G-250, 10% acetic acid, 40% distilled water) and
destained in 500 mL of aqueous 20% methanol/10% acetic acid
to visualize the molecular weight markers. The gel was then
soaked in Enlightning fluor for 1 hr, transferred onto
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Whatman 3MM filter paper, and dried at 60 °C for 4 hrs
.
dried gel was exposed for 4 days at -80 °C
.
2.2.5. Purification of KM3-27
One protein, designated KM3-27 and containing 54 repeats
of the [(AOjPEG] sequence, was chosen for purification and
structural analysis.
2.2.5.1. Cell lysis
Cells were lysed by the method of Studier"^^. After 1 hr
of protein induction, 10 mL of labeled cells were centrifuged
at 10,000 X g for 10 min at 4 °C . The cells were washed with
5 mL of fresh YT medium to remove any unincorporated '^H-
glycine. The cells were centrifuged at 10,000 x g for 10 min
at 4 °C . The supernatant was discarded and the cells
resuspended in 500 |J.L of 50 mM Tris-HCl pH 8.0, 2 mM EDTA.
The cells were disrupted by 2 cycles of freezing and thawing
at -80 °C.
For large scale protein expression, cells were harvested
from 1 liter of culture 60-120 min after addition of IPTG by
centrifugation at 3, 000 x g for 10 min at 4 °C . Pelleted
cells were resuspended in 50 mL of 10 mM Tris-HCl pH 8.0, 1
mM EDTA solution and sonicated at 40 W constant power for 10-
15 minutes. Cellular debris was removed by centrifugation at
67
10,000 X g for 30 min at 4 and the supernatant saved for
further analysis.
2.2.5.2. (NH4)2S04 precipitation characteristics
Radioactively labeled cell lysate (500 ^IL) was clarified
by centrifugation at 13,500 x g for 5 min to remove cellular
debris and particulates. A portion of the clarified
supernatant was transferred in 50 aliquots to nine 1
. 5 mL
Eppendorf microcentrifuge tubes, and the (NH4)2S04
concentration in each tube adjusted to between 10% and 90%
saturation by the addition of appropriate amounts of
saturated (NH4)2S04 solution. Each tube was vortexed briefly
and left at room temperature for 1 hr to precipitate protein.
Precipitates were isolated by centrifugation at 13,500 x
g for 30 min at room temperature. The supernatant was
discarded and the pellet resuspended in 100 )iL of 10 mM Tris-
HCl pH 7.5, 10% glycerol, 1% SDS, and 1% p-mercaptoethanol
.
Samples were heated to 95 °C for 5 min and 10 |IL aliquots of
each sample loaded onto a 10% polyacrylamide gel. Samples
were electrophoresed at 15 mA constant current for 16 hrs
.
The gel was stained with Coomassie Brilliant Blue G-250, and
destained in 500 mL of aqueous 20% methanol/10% acetic acid.
®The gel was soaked for 1 hr in Enlightning fluor,
transferred onto Whatman 3MM filter paper, and dried at 60 °C
for 4 hrs. The dried gel was exposed for 2 days at -80 "C
.
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(NH4)2S04 fractions were isolated to determine over what
range of concentrations KM3-27 precipitates. Fractions were
taken from clarified supernatants at 0-40%, 40-50%, 40-60%,
and 60-90%. Precipitates were isolated by cent rifugat ion at
13,500 X g for 30 min at room temperature. The supernatant
was discarded and the pellet resuspended in 100 |IL of 10 mM
Tris-HCl pH 7.5, 10% glycerol, 1% SDS, and 1% (3-
mercaptoethanol
.
Samples were heated to 95 °C for 5 min and
10 ^.L aliquots of each sample loaded onto a 10%
polyacrylamide gel. Samples were elect rophoresed at 15 mA
constant current for 16 hrs. The gel was stained with
Coomassie Brilliant Blue G-250, and destained in 500 mL of
20% methanol/10% acetic acid. The gel was soaked for 1 hr in
Enlightning fluor, transferred onto Whatman 3MM filter
paper, and dried at 60 °C for 4 hrs. The dried gel was
exposed for 2 days at -80 °C . The autoradiograph of the
dried gel indicated that virtually all of the recombinant
protein was precipitated between 40% and 60% saturation with
(NH4)2S04.
2.2.5.3. Isoelectric precipitation characteristics
The 40-60% (NH4)2S04 fraction from 50 p.L of labeled
lysate was isolated as described in section 2.2.5.2. and
resuspended in 50 |J.L of distilled, deionized water. Not all
of the pellet redissolved. The solution was acidified to pH
4.0 by the addition of 1 jlL 10% aqueous acetic acid and
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incubated at 4 °C for 1 hr
. The reaction was then
centrifuged at 13, 500 x g for 30 min at 4 °C . The
supernatant was removed, its volume noted, and adjusted to
90% (NH4)2S04 saturation by the addition of 100% (NH^) 2SO4
solution
.
Proteins in the supernatant were isolated by
centrifugation at 13, 500 x g for 30 min at 4 °C . Both the pH
4.0 soluble and insoluble fractions were resuspended in 100
^IL of 10 mM Tris-HCl pH 7.5, 10% glycerol, 1% SDS, and 1% p-
mercaptoethanol
.
Samples were heated to 95 °C for 5 min and
10 aliquots of each sample loaded onto a 10%
polyacrylamide gel. Samples were electrophoresed at 15 mA
constant current for 16 hrs
. The gel was stained with
Coomassie Brilliant Blue G-250, and destained in 400 mL of
aqueous 20% methanol/10% acetic acid. The gel was soaked for
1 hr in Enlightning® fluor, transferred onto Whatman 3MM
filter paper, and dried at 60 °C for 4 hrs. The dried gel
was exposed for 2 days at -80 °C.
2.2.5.4. DEAE-Sephadex column chromatography
The 40-60% (NH4)2S04 fraction isolated from 50 |IL of
labeled lysate was isolated as described in section 2.2.5.2.,
resuspended in 100 p.L of a 50 mM Tris-HCl pH 8.0, 1 mM EDTA
solution. The solution was centrifuged briefly to remove
particulates and loaded onto a DEAE-Sephadex A-25 column
(i.d. =0.4 cm, length = 10.0 cm) equilibrated with 50 mM
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Tris-HCl pH 8.0, 1 rm EDTA
.
The sa.ple was eluted using ip
mL step gradients of NaCl (100 mM, 500 mM, 1
. 5 M) and 1 mL
fractions collected. Fractions were analyzed for tritium
content by liquid scintillation counting, and the amount of
protein quantitated by the method of Bradford^O. Known
concentrations of bovine serum albumin were used as
calibration standards to determine amounts of protein in each
fraction
.
2.2.5.5. Large scale protein expression and purification
BL21(DE3) pLysS containing pET3-27, a recombinant
pET3-b carrying 27 repeats of the [(AG)3PEG]2 monomer, was
grown to saturation in 4 x 50 mL of YT medium containing 200
|Ig/mL ampicillin and 25 |lg/mL chloramphenicol at 37 °C for 16
hrs
.
These cultures was used to inoculate 4x1 liters of YT
medium containing 200 |Ig/mL ampicillin and 25 |Ig/mL
chloramphenicol. The cultures were grown at 37 °C with
vigorous aeration until the optical density at 600 nm reached
0.45 (approximately 10^ cells/mL)
.
Protein expression was initiated by the addition of 2 mL
of 0.2 M IPTG solution per liter of culture, giving a final
IPTG concentration of 0.4 mM. The cultures were grown at 37
°C for 2 hrs, and cells were collected by cent rifugation at
3,000 X g for 10 min at 4 °C . Cells were resuspended in 100
mL of 10 mM Tris-HCl pH 7.5, 1 mM EDTA solution and sonicated
at 40 W constant power for 10-15 minutes. Cellular debris
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was removed by centrifugat ion at 10, 000 x g for 30 min at 4
The supernatant (100 mL) was transferred to a fresh tube
and the (NH4)2S04 concentration adjusted to 40% by the
addition of 67 mL of a 100% (m,) ^SO, solution. The solutions
were mixed by vortexing and left at room temperature for 2
hrs to precipitate proteins.
The solution was centrifuged at 10,000 x g for 30 min at
4 °C, and the supernatant transferred to a fresh tube. The
volume of the supernatant was noted, and the (NH.) ,30
concentration adjusted to 60% saturation by the addition of
one-half volume of saturated (NH4)2S04 solution. The
solutions were mixed and left at room temperature for 2 hrs
to precipitate proteins. The 40-60% fraction was isolated by
centrifugation at 10,000 x g for 40 min at 4 °C.
The supernatant was discarded and the pellet redissolved
in 50 mL of 50 mM Tris-HCl pH 7.5, 10 mM MgCl2. DNAse I (1
mg) and RNAse A (1 mg) were added and the solution incubated
at 37 °C for 2 hrs. The solution was then acidified to pH
4.0 by the addition of 700 |iL of glacial acetic acid, stored
at 4 °C for 1 hr, then centrifuged at 10,000 x g for 40 min
at 4 °C to remove insoluble material. The supernatant was
transferred to a Spectra-Por dialysis bag with a molecular
weight cutoff of 15,000 Daltons and dialyzed against running
distilled water.
After 48 hrs, a precipitate was seen in the dialysis
bag. The contents of the dialysis bag were collected and the
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precipitate removed by centrifna;,^ •
.inat4«c The : ^ ^ 30
X 120 mm column containing a DEAE-q...h ^g Sephadex A-25 ion exchange
resin equilibrated with 100 mM Tris-HCl pH 7 s .nci
. 5, 2 mM EDTA
solution. KM3-27 was eln^c.^uted using a continuous NaCl gradientfrom 0 to 500 mM. Fran^^r^r.oactions were collected every 5-6 mL, and
analyzed by 10, polyacrylamide gel electrophoresis Cel
analysis indicated that the KM3-27 el.ted fro. the colu„.
between 175 and 225 .M NaCl, with no visible protein
contaminants. The fractions containing K>,3-27 were pooled
together and dialyzed against running distilled water for .8
hrs to remove residual salts. The protein was recovered by
lyophili.ation. The amount of purified KM3-27 isolated from
4 liters of culture was 37 mg.
2.2.5.6. CNBr cleavage of ICM3-27
Cyanogen bromide cleavage of KM3-27 was accomplished by
the method of Smith^l. Purified radiolabeled KM3-27 (ca. 300
Hg) was dissolved in 1 mL of 70% formic acid. A single
crystal of CNBr (approx. 4 mg) was added, and the reaction
mixture incubated at room temperature for 2 days. Every 12
hrs an aliquot of the reaction was removed, and the reaction
terminated by drying down the solution in vacuo. These
pellets were resuspended in 100 ^IL of 10 mM Tris-HCl pH 7.5,
10% glycerol, 1% SDS, and 1% P-mercaptoethanol
. Samples were
heated to 95 °C for 5 min and 20 aliquots of each sample
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loaded onto a 10% polyacry lamide gel. Samples were
electrophoresed at 15 mA constant current for 16 hrs
. The
gel was stained with Coomassie Brilliant Blue G-250, and
destained in 400 mL of aqueous 20% methanol/10% acetic acid.
The gel was soaked for 1 hr in Enlightning® fluor,
transferred onto Whatman 3MM filter paper, and dried at 60 °C
for 4 hrs. The dried gel was exposed for 2 days at -80 °C
.
Cyanogen bromide cleavage was also performed on the
purified KM3-27 isolated from the large-scale expression
described in section 2.2.5.5. Purified KM3-27 (15 mg) was
dissolved in 4 mL of 88% formic acid. Distilled, deionized
water (1 mL) was added to bring the final concentration of
formic acid to 70%. Crystals of CNBr (approx. 30-50 mg) were
added, and the reaction mixture incubated at room temperature
for 4 days. The reaction was terminated by drying down the
solution in vacuo.
The pellet obtained was resuspended in 10 mL of
distilled deionized water and placed into a Spectra-Por
dialysis membrane with a molecular weight cutoff of 15,000
Daltons. The solution was dialyzed against running distilled
water for 4 days. The cleaved protein was recovered from the
dialyzate by lyophilizat ion . The amount of protein recovered
was 8 mg ( 61% )
.
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2.3. Synthesis of proteins containing repeated [(AG)3NG]
domains
2.3.1. Construction of the [ (AG) .NG] monomer
2.3.1.1. Synthesis and purification of oligonucleotides
Oligonucleotides were synthesized on a Biosearch Model
8700 DNA Synthesizer using the p-cyanoethylphosphoramidite
chemistry of McBride and Caruthers'^^ Syntheses were carried
out on a 1.0 ^mole scale using a controlled pore glass
support functionalized with the 3' base of the sequence.
Crude oligonucleotides were cleaved from the support by
treatment with concentrated NH^OH at 65 °C for 12 hrs
. The
DNA solution was dried in vacuo and the pellet resuspended in
400 jlL of distilled, deionized water. Solutions were
centrifuged at 13, 500 x g for 5 min to remove particulates.
The clarified supernatants were transferred to fresh tubes
and yields calculated by measuring optical absorbance at 260
nm. Yields are based on a theoretical maximum of 20.48 mg.
Oligonucleotide #1: 5'- AAT TCG TAA GGT GCC GGC GCT GGT GCG
GGC AAT GGT GCA GGC GCT GGT GCG GGC AAT GGT GCC G -3'
Crude yield = 3.652 mg (17.8%)
Oligonucleotide #2: 5'- GAT CCG GCA CCA TTG CCC GCA CCA GCG
CCT GCA CCA TTG CCC GCA CCA GCG CCG GCA CCT TAC G -3'
Crude yield = 6.760 mg (33.0%)
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Crude Oligonucleotides were purified by preparative g.el
electrophoresis using 14% polyacrylamide gels containing 8.3
M urea. Samples in 50% formamide were heated to 95 °C for 5
min, loaded onto a 25 cm 14% acrylamide gel containing ix TBE
and 8.3 M urea, and separated at 275 V constant voltage for 3
hrs. The product bands were visualized by ethidium bromide
staining and excised from the gel. Oligonucleotides were
recovered by electroelut ion, as described in section
2.1.2.3., and resuspended in 50 of a 10 mM Tris-HCl pH
8.0, 1 mM EDTA solution. Recoveries were calculated by
optical absorbance at 260 nm.
Yield of purified oligonucleotide #1 = 37.5 ^ig (31%, based on
125 jig crude material)
.
Yield of purified oligonucleotide #2 = 60.0 ^ig (48%, based on
125 |lg crude material)
.
2.3.1.2. Phosphorylation and annealing
Purified oligonucleotides (500 pmol, 10.3 ^g) were each
suspended in 50 of 80 mM Tris-HCl pH 7.5, 20 mM DTT, 10 mM
MgCl2, and 1 mM ATP. T4 Polynucleotide kinase (5 |IL, 50
Units) was added, and the reactions incubated at 37 °C for 45
min
. The reactions were terminated by heating to 95 °C for 2
min . Complementary oligonucleotides were mixed together and
the solution adjusted to a final concentration of 100 mM
NaCl. The mixture was heated to 95 °C for 1 min, then
transferred to a waterbath at 80 °C and allowed to cool to
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room temperature over approximately 8 hrs
. The mixture was
extracted with 100 of a phenol/chloroform 1:1 mixture,
then 100 of chloroform, and the annealed duplex
precipitated by the addition of 15 of 3 M NaOAc pH 4
. 8 and
300 ^lL of 100% ethanol. Precipitation was done at -80 °C for
1 hr, and the DNA recovered by centrifugat ion at 13,500 x g
for 30 min at 4 °C
.
The pelleted DNA was washed twice with
400 ^IL of a 70% ethanol solution to remove residual salts,
resuspended in 100 ^IL of a 10 mM Tris-HCl pH 8.0, 1 mM EDTA
solution, and quantified by running 1 ^lL of the solution on a
2% agarose gel and comparing ethidium bromide fluorescence
intensities to known amounts of a X-Hindlll standard. The
amount of duplex isolated was estimated to be 3.75 ^ig.
2.3.1.3. Insertion into pUClB
pUClB (5.0 |lg) was digested in 100 |iL of 100 mM NaCl,
10 mM Tris-HCl pH 7.5, and 10 mM MgCl2 with EcoRI (1 |IL, 20
Units) and BamHI (1 jiL, 20 Units) at 37 °C for 8 hrs.
Electrophoretic analysis in 1% agarose gel showed that
digestion was complete. The solution of the vector was
extracted with 100 |J.L of phenol/chloroform 1:1, then 100 |iL
of chloroform, and precipitated by the addition of 15 |IL of 3
M NaOAc pH 4.8 and 300 |IL of 100% ethanol. Precipitation was
done at -80 °C for 1 hr, and the DNA recovered by
centrifugation at 13, 500 x g for 30 min at 4 °C . The
pelleted DNA was washed twice with 400 |a.L of a 70% ethanol
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solution to remove residual salts and resuspended in 50 of
a 10 mM Tris-HCl pH 8.0, 1 mM EDTA solution. Recovered
vector was quantified by running 1 ^^l of the solution on a 1%
agarose gel and comparing ethidium bromide fluorescence
intensities to known amounts of a ?i-HindIII standard. The
amount of vector recovered was estimated to be 3.75 ^ig.
A portion of this digest (375 ng) was added to 37 ng of
the annealed synthetic duplex in 30 of 50 mM Tris-HCl pH
8.0, 10 mM MgCl2, 20 mM DTT, and 1 mM ATP
. The molar ratio
of insert to vector was 4
.
1 : 1 . T4 DNA ligase (1 ^iL, 6 Weiss
Units) was added, and the solution placed in a beaker of ice
water and equilibrated to room temperature over a period of 3
hrs ,
2.3.1.4. Transformation of DH5aF'
Competent E. coli DH5aF' were prepared as described in
section 2.1.2.1. An aliquot of these competent cells (100
|J.L) was mixed with 10 |iL of the ligation mixtures, and
incubated on ice for 30 min. Cells were heat-shocked at 42
°C for 1 min, and placed on ice for 5 min. Fresh medium (900
(IL) was added to the transformation mixture, and the cells
incubated at 37 °C for 30 min to express antibiotic
resistance. An aliquot of the transformation mix (300 |iL)
was plated onto YT plates containing 200 |Ig/mL ampicillin,
100 |J.g/mL of the sugar analogue P-isopropylthiogalactoside
(IPTG), and 200 ng/mL of the chromogenic substrate 5-bromo-4-
chloro-3-indolyl-p-D-galactopyranoside (X-Gal) . Plates were
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incubated at 37 °C overniaht Af^«^ ^ a uu gn . ter 16 hrs, more than 600
transformants were observed, of which ca
. 75% were colorless.
2.3.1.5. Isolation of pUC18- [ (AG) 3NG]
2
Four colorless colonies were chosen for further
analysis. Liquid cultures were prepared and plasmid DNA
isolated as described in section 2.1.2.2. The isolated
plasmids (1-2 jig) were digested in 50 ^IL of 10 mM Tris-HCl pH
7.5, 10 mM MgCl2 with 40 Units of BanI
. All gave restriction
digestion patterns consistent with a recombinant pUC18
containing the synthetic duplex. Two of the four plasmids
were chosen for further analysis. Strains containing the
plasmids of interest were grown in 200 mL of 4x YT containing
200 ng/mL ampicillin for 16 hrs at 37 °C . Plasmids were
isolated by scaling up the method of section 2.1.2.2. The
resulting plasmids (approx. 500 ^Ig each) were free of any
contaminating chromosomal DNA or RNA by gel analysis.
Double stranded plasmid sequencing was performed on
T 7 TMthese plasmids using the Sequencing Kit supplied by
Pharmacia • Sequencing reactions were analyzed on a 6%
polyacrylamide gel containing 8.3 M urea. The samples were
electrophoresed at 60 W constant power until the bromophenol
blue tracking dye reached the bottom of the gel. The gels
were dried down onto Whatman 3MM filter paper and exposed
overnight at -80 ""C . One of the plasmids, designated pUC18-
[(AG)3NG]2/ contained only one ambiguous nucleotide, which
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occurred in the third base of a glycine codon
. This
ambiguity appears to be a sequencing artifact, and not
associated with the DNA monomer sequence.
2.3.1.6. Isolation of the [(AG)3NG]2 monomer
pUC18-[ (AG)3NG]2 (50 ^Ig) was resuspended in 1 mL of 10
mM Tris-HCl pH 7.5, 10 mM MgCl2 containing 1000 Units of
BanI, and incubated at 37 °C overnight. The digest was
divided into two fresh tubes and each aliquot was extracted
with 500 )IL of phenol/chloroform 1:1, then 500 )IL of
chloroform, and precipitated by the addition of 75 |IL of 3 M
NaOAc pH 4.8 and 500 ^lL of 100% isopropanol. Precipitation
was done at -20 °C for 2 hrs, and the DNA recovered by
centrifugation at 13,500 x g for 30 min at 4 °C . The
pelleted DNA was washed twice with 400 )IL of a 70% ethanol
solution to remove residual salts and resuspended in 100 |IL
of a 10 mM Tris-HCl pH 8.0, 1 mM EDTA solution.
The digest was loaded onto an 8% polyacrylamide gel
containing Ix TBE as buffer and electrophoresed at 250 V
constant voltage for 2 hrs. The monomer fragment was
visualized by staining the gel in dilute ethidium bromide
solution for 10 min. The 48 bp [(AG)3NG]2 monomer was excised
from the gel and electroeluted as described in section
2.1.2.3. The monomer fragment was resuspended in 50 |IL of
distilled, deionized water and quantitated by running 5 p.L of
the monomer solution on a 2% agarose gel and compared to
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known amounts of a X-Hindlll DNA standard. The amount of
.
[{AG)3DG]2 monomer recovered was 200-300 ng (20-30% recovery),
2.3.2. Insertion of the monomer population into p937.5l
2.3.2.1. Preparation of p937.51
7 3p937.51 in HBlOl was grown under chloramphenicol
selection (25 ^^g/mL) in 1 liter of 4x YT at 37 °c for 24 hrs
.
Plasmid DNA was isolated by scaling up the modified alkaline
lysis method described in section 2.1.2.2. Recovery of
p937.51 was estimated by gel analysis to be 2.75 mg
. A
portion of this isolate (25 ^ig) was digested with 1000 Units
of BanI in 1 mL of 10 mM Tris-HCl pH 7.5, 10 mM MgCl2 at 37
°C for 6 hrs.
Since there is no selection for recombinants carrying
the [(AG)3DG]2 multimers, the linearized vector was
dephosphorylated to reduce "background" colonies containing
no insert. The following protocol was employed: the solution
of digested vector was extracted with 1 mL of a
phenol/chloroform 1:1 solution, and precipitated by the
addition of 150 )iL of 3 M NaOAc and 1 mL of isopropanol. The
DNA was precipitated at -20 °C for 1 hr, and isolated by
cent rifugat ion at 13, 500 x g for 30 min at 4 °C . The pellet
was washed with 400 |J.L of a 70% ethanol solution to remove
residual salts and resuspended in 200 |iL of 10 mM Tris-HCl pH
8.3, 1 mM MgCl2, and 1 mM ZnCl2.
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calf intestinal alkaline phosphatase (3 Units) was added
and the reaction incubated at 37 °C for 30 min
. The reaction
was extracted with 200 of phenol/chloroform 1:1. The DNA
was precipitated by the addition of 30 HL 3 M NaOAc and 600
^IL of 100% ethanol. After 1 hr at -80 °C, the DNA was
recovered by centrifugat ion at 13,500 x g for 30 min at 4 °C
.
The supernatant was poured off, and the pellet was washed
with 400 of a 70% ethanol solution to remove residual
salts and resuspended in 100 ^IL of distilled, deionized
water. The linearized, dephosphorylated vector was separated
in 1% agarose at 100 V for 60 min, and purified by
electroelution as described in section 2.1.2.3. The
recovered vector was resuspended in 50 \i'L of a 10 mM Tris-HCl
pH 8.0, 1 mM EDTA solution and quantified on a 1% agarose gel
by comparison to known amounts of a X-Hindlll standard. The
amount of vector recovered was estimated at 2.5 |Ig
.
2.3.2.2. Insertion conditions
Dephosphorylated p937.51-BanI digest (100 ng) and
purified DNA monomer (100 ng) were resuspended in 35 |IL of 50
mM Tris-HCl pH 7.5, 10 mM MgCl2, 20 mM DTT, and 1 mM ATP. T4
DNA ligase (1 |iL, 6 Weiss Units) was added, the reaction
placed into a beaker of ice water, and allowed to equilibrate
to room temperature over a period of 12 hrs . The insert to
vector ratio was ca. 40:1.
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Alternatively, 300 ng of the purified monomer was
resuspended in 19 HL of 50 mM Tris-HCl pH 7.5, 10 mM MgCl^,
20 mM DTT, and 1 mM ATP
.
T4 DNA ligase (1 ^iL, 6 Weiss Units)
was added, the reaction placed into a beaker of ice water,
and allowed to equilibrate to room temperature over a period
of 12 hrs. At this time, an additional 1 of ligase was
added, along with 1 ^lL of a 10 mM solution of ATP, and the
reaction mixture incubated at 14 °C for another 16 hrs. To
this reaction was added 100 ng of dephosphorylated p937.5l-
Banl digest, in a final volume of 50 |IL of 50 mM Tris-HCl pH
7.5, 10 mM MgCl2, 20 mM DTT, and 1 mM ATP. T4 DNA ligase (1
^IL, 6 Weiss Units) was added, the reaction mixture placed
into a beaker of ice water, and allowed to equilibrate to
room temperature over 12 hrs.
2.3.2.3. Transformation of HBlOl
Competent HBlOl cells were prepared as described in
section 2.1.2.1. An aliquot of these competent cells (100
)iL) was mixed with 10 |IL of the ligation reaction, and the
mixture incubated on ice for 30 min. Cells were heat-shocked
at 42 °C for 1 min, then placed on ice for 5 min. Sterile YT
(500 \XL) was added, and cells incubated at 37 °C for 45 min
to express antibiotic resistance. The transformation mixture
was plated onto YT plates containing 25 |Ig/mL of
chloramphenicol and incubated at 37 °C overnight. After 36
hrs 87 transformants were obtained for the monomer plus
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vector ligation,
observed for the
while more than 2000
multimer plus vector
transformants
ligation
.
were
2.3.2.4. Screening of transformants by BamHI digestion
Plasmid DNA was isolated from 50 monomer plus vector
transformants using the modified alkaline lysis method
described in section 2.1.2.2. Plasmid DNAs (approx. 1-2 Hg)
were digested with 30 Units of BamHI in 50 ^IL of 100 mM NaCl,
10 mM Tris-HCl pH 7.5, and 10 mM MgCl2
. Elect rophoretic
analysis in 2% agarose indicated that of the 50 plasmids
isolated, all contained some insert. The degree of
polymerization of the monomer segment ranged from 1 to 7, and
was centered around 4
.
From the multimer plus vector population, 360
transformants were analyzed by colony hybridization, while
another 108 were analyzed by conventional plasmid isolation.
From these analyses, no inserts containing more than 10
repeats of the monomer were isolated.
2.3.3. Construction of T7-based expression systems
2.3.3.1. Preparation of pET3-b
pET3-b'^^ (25 jig) was resuspended in 950 |IL of 10 mM
Tris-HCl pH 7.5, 100 mM NaCl, and 10 mM MgCl2
. BamHI (50 }IL,
1000 Units) was added and the reaction mixture incubated at
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37 °C overnight. The digest was extracted with 1000 ^ of a
phenol/Chloroform 1:1 solution, and precipitated by the
addition of 150 of 3 M NaOAc and 1 mL of isopropanol. The
DNA was precipitated at -20 °C for 1 hr and isolated by
centrifugation at 13, 500 x g for 30 min at 4 °C
.
The pellet was washed with 400 ^IL of a 70% ethanol
solution to remove residual salt, and resuspended in 200 ^IL
of 10 mM Tris-HCl pH 8.3, 1 mM MgCl2, and 1 mM ZnCl2 at room
temperature. Calf intestinal alkaline phosphatase (3 Units)
was added and the reaction incubated at 37 °c for 30 min.
The reaction mixture was extracted with 200 jlL of
phenol/chloroform 1:1. The DNA was precipitated by the
addition of 30 jlL 3 M NaOAc and 600 ^IL of 100% ethanol.
After 1 hr at -80 °C, the DNA was recovered by
centrifugation at 13,500 x g for 30 min at 4 °C . The
supernatant was poured off, and the pellet washed with 400 )IL
of a 70% ethanol solution to remove residual salts and
resuspended in 100 flL of distilled, deionized water. The
linearized, dephosphorylated vector was electrophoresed in 1%
agarose at 100 V for 90 min, and purified by electroelution
as described in section 2.1.2.3. The recovered vector was
resuspended in 50 ^IL of a 10 mM Tris-HCl pH 8.0, 1 mM EDTA
solution and quantified on a 1% agarose gel by comparison to
known amounts of a A.-HindIII standard. The amount of vector
recovered was estimated at 5 |Ig
.
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2.3.3.2. Preparation of the [(AG)3NG]2 multimer inserts
The plasmids containing inserts with 3,4,5, and 8
repeats of the DNA monomer were chosen for further analysis.
Plasmid DNAs were isolated from 1.5 mL of saturated cultures
by the modified alkaline lysis method described in section
2.1.1.2. Plasmid DNAs (ca. 2-3 Hg) were digested with 40
Units of BamHI in 80 ^IL of 100 mM NaCl, 10 mM Tris-HCl pH
7.5, and 10 mM MgCl2 at 37 °C for 12 hrs
.
Fragments containing multimer inserts were separated
from unwanted nucleic acids by electrophoresis in 8%
polyacrylamide, excised from the gel, and purified by
electroelution as described in section 2.1.2.3. Pellets were
washed with 300 of a 70% ethanol solution to remove
residual salts, and resuspended in 20 |IL 10 mM Tris-HCl pH
8.0, 1 mM EDTA solution. Quantitation of insert recoveries
was accomplished by comparison of 2 )IL of the DNA solution to
known amounts of a pBR322-MspI digest in 8% polyacrylamide
.
Recovery were estimated at 30-50 ng.
2.3.3.3. Insertion conditions
BamHI-digested pET3-b (100 ng) was mixed with the
purified multimer fragments (ca. 30-50 ng each) in 50 |IL of
50 mM Tris-HCl pH 7.5, 20 mM DTT, 10 mM MgCl2, and 1 mM ATP.
T4 DNA ligase (1 jlL, 6 Weiss Units) was added to each tube,
the mixtures placed in a beaker of ice water, and
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equilibrated to room temperature over a period of 16 hrs
vector to insert ratios ranged from ca . 16:1 to 4:1.
2.3.3.4. Trans format ion of HBlOl
Competent cells were prepared as described in section
2.1.2.1. Aliquots of these cells (100 ^IL) were mixed with 10
of the ligation mixtures, and incubated on ice for 1 hr
.
Cells were heat-shocked at 42 ''C for 1 min, and placed on ice
for 5 min. Sterile YT (700 ^L) was added to the
transformation mixtures, and the cells incubated at 37 °c for
1 hr to express antibiotic resistance. The transformation
mixtures were plated onto YT plates containing 200 ^g/mL
ampicillin and incubated at 37 °C . After 16 hrs, greater
than 50 colonies were obtained from each transformation. "
2.3.3.5. Isolation of recombinant vectors
To determine the presence and orientation of the insert,
plasmid DNAs from each transformation were isolated by the
modified alkaline lysis method described in section 2.1.2.2.
Plasmid DNAs were digested with Aval, whose recognition site
[C/CCGGG] occurs only once in the vector, and once at the 3'
end of the insert. Plasmids containing the inserts in the
correct orientation will yield two fragments upon digestion,
a vector fragment of 3453 base pairs, and an insert fragment
whose size varies with the size of the insert. The isolated
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Plasmids (usually 1-2
^g) were resuspended in 80 ,l of 100
NaCl, 10 Tris-HCl pH 7.5, and 10 .M MgCl,. Aval (2 20
units) was added to each tube, and the reactions incubated at
37 °C overnight. Electrophoret ic analysis in 1% agarose
showed that plasmids containing inserts in the correct
orientation were isolated from each transformation.
2.3.3.6. Transformation of BL21(DE3) pLysS
BL21(DE3) pLysS was grown under chloramphenicol
selection (25 [ig/mh) to saturation in YT for 16 hrs at 37 °C.
Competent cells were prepared as described in section
2.1.2.1. Aliquots of these cells (100 ^IL) were mixed with
ca. 50-100 ng of each recombinant pET plasmid and incubated
on ice for 2 hrs. Cells were heat-shocked at 42 °C for 1
min, and placed on ice for 5 min. Sterile YT (700 ^L) was
added to the transformation mixture, and the cells incubated
at 37 °C for 45 min to express antibiotic resistance. An
aliquot of each transformation (300 |XL) was plated onto YT
plates containing 200 [Lg/mL ampicillin and 25 ^ig/mL
chloramphenicol and incubated at 37 °C . After 12 hrs,
greater than 200 colonies were observed from each
transformation
.
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2.3.4. Expression of Drotein=; onni-a-ir,^PL eins containing repeated [(AG)3NG]
domains
2.3.4.1. In vivo labeling experiments
Expression of a synthetic polypeptide containing 18
repeats of sequence 2 was monitored by incorporation of ^h-
glycine into proteins synthesized during exponential growth.
Overnight cultures of the recombinant pET plasmid (designated
PET4-8) in BL21(DE3) pLysS were grown under antibiotic
selection in M9AA medium lacking glycine. Cultures of
BL21(DE3) pLysS [a plasmid-free control], BL21(DE3) pLysS
transformed with pET3-b [an insert-free control], and
BL21(DE3) pLysS transformed with pET3-27 [a positive control]
were also grown under antibiotic selection in M9AA medium.
Portions of these saturated cultures (usually 500 \LL) were
each used to inoculate 10 mL of fresh M9AA medium. All
cultures were started at an optical density of 0.1 at 600 nm
(approximately 10^ cells/mL)
.
Cultures were grown until the optical density at 600 nm
reached 0.4 (approximately 5 x 10^ cells/mL)
. At this point
100 flCi of H-glycine was added to each culture. Cultures
were grown to an optical density of 0.45, and IPTG added to a
final concentration of 0.4 mM. Cultures were incubated at 37
°C with vigorous aeration for 1 hr.
At 0, 60, and 120 min after addition of IPTG, portions
O
of the cultures containing approximately 5 x 10 cells were
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removed and centrifuged at 13,500 x g for 2 min at room
temperature. The supernatants were removed and the cells
washed with 1 ml of fresh medium to remove any ^glycine not
absorbed. The cells were centrifuged at 13,500 x g for 2
min, freed of supernatant, and lysed in 200 of 10 mM Tris-
HCl pH 7.5, 10% glycerol, 1% SDS, and 1% p-mercaptoethanol
.
Lysates were analyzed by the method of Laemmli^O using a
14% polyacrylamide gel. Lysates were heated to 95 °C for 3
min, and 10 |IL of each was loaded onto the gel and
electrophoresed at 15 mA constant current for 16 hrs
. Gels
were stained with Coomassie Brilliant Blue G-250 solution
(50% methanol, 0.05% Coomassie Brilliant Blue G-250, 10%
acetic acid, 40% distilled water) and destained in 500 mL of
aqueous 20% methanol/10% acetic acid to visualize the
molecular weight markers. The gel was then soaked in
TM
Enlightning fluor for 2 hrs, transferred onto Whatman 3MM
filter paper, and dried at 60 °C for 4 hrs. The dried gel
was exposed for 2 days at -80 °C
.
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CHAPTER 3
RESULTS AND DISCUSSION
3.1. Rationale for protein sequences
The objective of this research has been the
development of new methods to increase control over the
microstructure of polymer chains. Exploiting the high fidelity
of protein biosynthesis, coupled with the recent advances in
the synthesis, cloning, and expression of genes, a series of
novel repetitive polypeptides have been prepared in which the
chain microstructure is under tight control. In particular, we
have synthesized polypeptides of sequences 1 and 2, with
discrete, precisely defined molecular weights.
[ (Ala-Gly) 3-Pro-Glu-Gly] ^ 1
[ (Ala-Gly) 3-Asn-Gly]^ 2
The primary sequences of amino acids were chosen in an effort
to generate materials capable of controlled chain folding in
the solid state. Based on empirical rules relating primary
sequence and secondary structure, chain-folded lamellar
structures were proposed, of thickness 28-30 A for 1, and ca
.
24 A for 2. The general strategy was to create materials
containing several well-characterized secondary structures in
see regular, ordered arrangement. m i and 2, extended P-
sheet structures are interspersed with sequences designed to
induce periodic reversals of chain direction.
It is important to note that these empirical rules were
derived from crystal structures of globular proteins rather
than fibrous structural components, and should therefore be
applied with caution. For example, the Chou-Fasman algorithm
fails to predict the extended p-sheet structures seen in
poly[Ala-Gly] or silk fibroin; consequently these algorithms
are of limited utility in helping to define sequences with
controlled solid-state conformations.
Rather, it was decided to utilize the data accumulated
on model fibrous proteins to determine primary sequences. As
described in the Introduction, repeated alanine-glycine dyads
form extended P-sheet structures in the solid state, and thus
represent an ideal component for constructing the crystalline
portions of the lamellar structure.
Two strategies were employed in designing the turn
sequences. For the turn sequence in 1, Gly-Pro-Glu-Gly, the
high turn-forming ability of proline has been exploited. As
mentioned earlier, this residue cannot be successfully
incorporated into a-helices or p-sheets due to its limited
range of ((|),\|/) values, and should disrupt the nascent P-
sheet. As many polar residues reside at the surface of
globular proteins, they tend to be part of turn sequences
also found there. The bulky, polar nature of the glutamate
sidechain should prelude its incorporation into the forming
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P-sheet, and assist in formation of the reverse turn. The
proposed folding of a chain of sequence 1 is shown in Figure
3.1.
In sequence 2, the turn sequence Gly-Asn-Gly-Ala
reflects a consensus sequence for turns connecting two
antiparallel p-strands, as described by Sibanda and
Thornton^e. Their analysis of 62 protein crystal structures
revealed 29 "p-hairpins" connected by four residue turns. Of
these. Type I' and II' turns predominated, accounting for 15
and 10 turns, respectively. The remaining 4 turns were Type
I, while no Type II or III turns were observed. The low
abundance of Type I, II, and III turns implies that these
turns (which account for 75 percent of turns found in
proteins
' ) may be sterically incompatible with this
structural motif. In addition, only 1 of the 29 turns
observed contained a proline residue, suggesting that proline
residues may be too rigid to assist in this type of turn
formation. The consensus sequence for Type I' turns was
determined to be X- (Asn, Asp, Gly) -Gly-Y, where X and Y can be
almost any amino acid. Polypeptides of sequence 2 are
designed to incorporate this type of turn into the p-sheet
forming alanine-glycine dyads. The proposed folding of a
chain of sequence 2 is shown in Figure 3.2.
This combination of structural motifs mimics the cross-P
structure seen in natural fibrous proteins isolated from the
Chrysopa family. The female fly possesses a gland from which
a colorless viscous fluid is secreted. During oviposition.
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the fly secretes a drop of this fluid onto the underside of a
leaf and draws from it a slender fiber of up to 1 cm in
length. The fly's egg is deposited onto the tip of this
fiber and becomes firmly attached during hardening of the
filament
.
x-ray dif fraction^^ and infrared dichroism82 of these egg
stalks indicate that the chain axis is perpendicular to the
axis of the fiber, strongly suggesting that the chains are
regularly folded, as shown in Figure 3.3. The protein folds
with a regular periodicity of 25 A, consistent with an eight
amino acid repeat. Additional confirmation of the cross-(3
folded structure comes from extensometric analysis of the
fibers, which readily stretch to 5-6 times their initial
length, undergoing a cross-p to parallel-^ transit ion^^
. X-
ray analysis on wet stretched fibers yield reflections
consistent with a 16 amino acid repeat
Amino acid analysis indicates that approximately 1 out
of every 16 residues is aspartic acid, leading Atkins^"^ to
propose a 16 amino acid repeat, shown in Figure 3.4, in which
one turn is Ala-Gly-Gly-Ala, while the other is Ala-Asp-Gly-
Ala
.
Both of these turns mimic the Type I' consensus turns
described by Sibanda and Thornton.
There is ample evidence that protein sequence profoundly
influences the three-dimensional structure of materials in
solution. However, the experimental data relating sequence
and solid state conformation of proteins is not well defined,
due in great part to the lack of suitable materials for
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study. It is Clear that sequence is critical in determining
solid-state conformation and properties, but empirical rules
relating these variables are not sufficiently refined to be
helpful in determining sequences of novel proteins for
sophisticated applications.
3.2. Strategies of gene design
In designing synthetic genes encoding repetitive
polypeptides, several factors must be considered. The
degeneracy of the genetic code allows for considerable
variation in sequence and nucleotide composition without
altering the resulting polypeptide. Flexibility in codon
usage also allows for the introduction of useful restriction
sites which can facilitate further cloning or manipulation.
However, recent work has shown that composition and sequence
can profoundly influence the levels of protein expression, as
well as the stability of the gene itself.
The sequence and base composition of the messenger RNA
will affect its stability and secondary structure, and
possibly impede its subsequent translation. Dreyfus^^ has
recently shown that the nucleotide sequence surrounding the
start codon is critical in determining its translatability,
and has proposed that high G-C content in this region leads
to the formation of secondary structures in the mRNA that
prevent ribosomal binding. With this in mind, one must
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^^ y^
'ir^
Figure 3.1, Proposed solid-state structure o
poly [ (Ala-Gly) 3-Pro-Glu-Gly ]
.
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Figure 3.2. Proposed solid-state structure of
poly [ (Ala-Gly) 3-Asn-Gly]
.
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Figure 3.3. Chain folded structure of the Chrysopa
flava egg stalk protein proposed by Geddes"^^.
Reprinted with permission from E . D . T . Atkins
.
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decide whether or not the material is to be produced as a
"pure" polypeptide, or to exploit a natural translational
start and produce the polypeptide as a fusion to a highly
expressed natural protein.
3.2,1. Codon usage
The frequency of codon use for various amino acids is
usually non-statistical, with one or two codons being used to
a much greater extent than the others. This pattern of codon
usage varies from organism to organism, and has been strongly
correlated to relative tRNA abundance^^ Acta and coworkers^^
have published a list of codon usage patterns for over 400 E.
coli genes. The frequencies of codon use for glycine,
alanine, proline, glutamic acid, and asparagine are listed in
Table 3.1.
It has been proposed that rare codons may modulate the
,
O O
expression of genes'"", or may allow for "pauses" in protein
translation to aid in correct folding of the gene product.
S0rensen, Kurland, and Pedersen^^ determined that in some
cases there is a sixfold difference in translation rate
between sequences containing common and rare codons. Thus it
is critical to choose not only codons that are highly
exploited by the host organism, but also to design the
sequence to produce a mRNA that is readily translated.
A further consideration in constructing highly
repetitive genes is the problem of genetic recombination.
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leading to alteration or deletion of large segments of the.
gene. Recently, Goldberg and Salerno^^ described the
construction of a gene encoding poly [Gly-Pro-Pro] comprised
of 18 repeats of an 18 base pair fragment. This gene
exploited the most frequently used codons for glycine and
proline, but was found to be unstable in vivo. Although this
instability appeared to decrease with increasing size of the
repeated fragment, it appears necessary to balance the use of
"biased" codons (desirable for maximizing gene expression)
with randomization of the sequences within the repeated
segments (critical for genetic stability)
.
3.2.2. Sequences of the oligonucleotides
In order to take advantage of the virtually error-free
biosynthesis machinery of organisms like E. coli, we
chemically synthesized short segments of deoxyribonucleic
acid (DNA) that encoded several repeats of our polypeptides.
The sequences of the synthetic oligonucleotides (see Figures
3.5 and 3.6) contain a 5' -overhang compatible with termini
generated by EcoRI digestion. Following this sequence is an
in-frame stop codon (TAA)
,
insuring disruption of (3-galacto-
sidase (and strong blue/white selection for recombinants)
when the fragment is cloned into the polylinker region of
PUC18/19 or M13mpl8/19.
Immediately after the stop codon, and again at the end
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Table 3.1
Codon preferences from 100 E.coli
genes. From Aota et al.^"^
Qly freq
GGA 208
GGC 1187
GGG 314
GGT 1141
% of total
7.3
41.6
11.0
40 . 1
freq. % of total
CCA 179
CCC 123
11.9
8.2
CCG 992 66.0
CCT 209 13.9
Ala
GCA
GCC
GCG
GOT
freq.
675
818
1264
638
% of total
19.9
24
.
1
37 .2
18 .8
GAG
Glu freq.
GAA 1692
679
% of total
71.4
28 . 6
Asn freq.
AAC 92 7
% of total
62 .2
AAT 564 37 .8
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Of the coding sequence, BanI restriction sites, each encoding
one glycine-alanine segment, have been inserted. These sites
may be used to isolate the coding sequence from the
recombinant plasmid containing the synthetic DNA fragment.
The rotational inequivalence of these nonpalindromic ends
precludes incorporation of inverted repeats that would
disrupt the coding sequences of the polypeptides.
Codons for each amino acid were selected to reflect
optimal codon usages seen in E. coli. However, it was
necessary to eliminate any other BanI sites occurring within
the monomer repeat. This was accomplished by using GCT, GCA,
or GCG for alanine, as there is no strong preference for any
of the alanine codons in E. coli.
In the [(AG)3PEG]2 oligonucleotides, the codons for the
alanine-glycine dyad immediately preceding the proline
residue were chosen as GCG-GGC to incorporate an Apal site
into the synthetic gene. This recognition site does not
occur in pUC18 or pBR322, and can be used to screen
populations of transformant s for the presence of inserts
containing multimerized fragments. The CCG codon is by far
the most frequently observed for proline in E. coli, and was
chosen to help maximize gene expression.
In the [(AG)3NG]2 oligonucleotides, the AAT codon for
asparagine was chosen over the more frequently observed AAC
in an attempt to minimize potential mRNA secondary structures
by incorporating nucleotides that either do not bond or
weakly bond with guanosine residues.
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GTAA QQH GCC GGC OCT GGT GCG GGC CCH GAA
G CATT CCA CGG CCG CGA CCA CGC CCG GGC CTT
STOP Gly Ala Gly Ala Gly Ala Gly Pro Glu
Apal BanI BamHI
GGT GCA GGC GCT GGT GCG GGC C.C.n GAA GGT GCC G
CCA CGT CCG CGA CCA CGC CCG GGC CTT CCA CGC CCT AG
Gly Ala Gly Ala Gly Ala Gly Pro Glu Gly Ala
Figure 3.5. Sequences of the [(AG)3PEG]2 oligonucleo-
tides . Amino acids are indicated above the appropriate
codons
.
Important restriction sites are underlined.
EcoRI BanI
TCG TAA QQT gcC GGC OCT GOT GCG GGC AAT
GC ATT CCA CGG CCG CGA CCA CGC CCG TTA
STOP Gly Ala Gly Ala Gly Ala Gly Asn
BanI BamHI
GGC GCA GGC GCT GGT GCG GGC AAT GGT GCC G
CCG CGT CCG CGA CCA CGC CCG TTA CCA CGG CCT AG
Gly Ala Gly Ala Gly Ala Gly Asn Gly Ala
Figure 3.6. Sequences of the [(AG)3NG]2 oligonucleo-
tides. Amino acids are indicated above the appropriate
codons . Important restriction sites are underlined.
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Finally, a BamHI site was incorporated at the 3'
-end of
the Oligonucleotide, allowing it to be cloned into any vector
that has been digested with EcoRI and BamHI. These enzymes
were selected because the majority of vectors currently in
use have EcoRI and BamHI as unique sites, and insertion would
not be complicated by fragmentation of the vector.
Additionally, the use of two different enzymes confers a
directionality to the oligonucleotides when cloned into the
polylinker of either M13- or pUC-based vectors.
The presence of a universal primer sequence adjacent to
the polylinker region in pUC18 allows for facile sequencing
of the oligonucleotide prior to excision. We chose pUC18
over M13-based vectors for several reasons: 1) the plasmid
copy number is much higher for pUC18 than M13, and 2) cells
infected with M13 are sickly, and tend to give poor yields of
plasmid by standard procedures. Once the sequences of the
monomers were verified, the plasmids were amplified, and the
monomers liberated by BanI digestion. The monomer fragments
were purified by electrophoretic separation and elution from
either 8% polyacrylamide or 2% agarose.
3.3. Construction of bacterial expression systems
3.3.1. Preparation of multimer populations
Several approaches to the construction of multimerized
DNA fragments were presented in this work. The general
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strategy was to polymerize the DNA mono.er to generate a
population of
.ulti.ers, f.o. which individual species
.ay be
purified and analyzed. The approach used in the construction
of the proteins containing repeated [(AG)3PEG] domains was to
self-ligate the DNA monomer, then fractionate the multimers
by electrophoresis in 1.5% agarose and isolate sizes of
interest. Ligation in this manner afforded a distribution of
multimers with degrees of polymerization greater than 40-50,
and an average degree of polymerization somewhere around 10
(see Figure 3.7). This population was fractionated to
eliminate degrees of polymerization less than 10, and
purified by electroelut ion
. Although the separation of
larger fragments from smaller ones was not absolute, this
method proved quite useful in generating fragments with high
degrees of polymerization.
The same technique was applied to the polymerization of
the [(AG)3NG]2 monomer; however, subsequent fractionation and
insertion into p937.51 failed to isolate any multimers with
degrees of polymerization greater than 10.
This prompted the use of an alternative strategy,
originally described by Hartley and Gregori^^, in which the
polymerization of the DNA fragment occurs in the presence of
the vector, rather than prior to insertion. Prepolymer-
ization has the advantage of generating larger multimer
fragments, but these must be separated from smaller fragments
prior to insertion. Without such separation, the smaller
fragments outcompete the larger multimers due to their higher
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molar concentration. Previous efforts to insert
unfractionated multi.ers of the KaOjPEGI^ monomer resulted
in a distribution that rarely exceeded D.P. = 5, despite the
fact that the population ranged from dimers to as high as 40-
50 repeats.
The 48 base pair [ (AG) ^m]
^
monomer was polymerized in
the presence of dephosphorylated p937.51. A distribution of
multimerized fragments is seen in Figure 3.8. All of the
transformants analyzed contained some form of insert, with
the distribution centered around a degree of polymerization
of 4. Only 1 transformant carried the monomer, while 4
contained the heptamer. This may be contrasted with the
distribution isolated from the prepolymerized monomer
population, in which the frequency of larger multimers was
quite low (only 4 of 468 contained the octamer or higher)
.
The reason for this low frequency is not clear, but it
appears that fractionation of the multimer population prior
to insertion is required to isolate larger multimers.
3.3.2. Vectors employed in gene constructions
p937 .51
:
The multimer populations generated through self-ligation
of Banl-ended fragments must be inserted into an expression
vector to produce protein. One difficulty is that the
recognition sequences for BanI (GG[C/T] [G/A]CC) occur
multiple times in most of the commercially available vectors
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Figure 3.7. Polymerization of the [(AG)3PEG]2 monomer.
X-BstEII digest used as molecular size markers.
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Figure 3.8. Distribution of [(AG)3NG]2 multimers in
p937.51. pBR322-MspI digest used as molecular size
markers. Sizes from the monomer to the heptamer are
shown
.
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(those derived from pUC, M13, or pBR322)
. Consequently,
there is no way of inserting the multimer population without
fragmentation of the vector. The synthetic adaptor sequence
within P937.51 (see Figure 3.9) contains a unique BanI site
flanked on either side by additional restriction sites
allowing for subcloning of fragments into a variety of
expression vectors. These sites are arranged such that
blunt-ended fragments in any reading frame can be readily
isolated. The synthetic genes were excised by digestion with
BamHI, whose recognition site occurs on either side of the
BanI site. This allows for the insertion of the synthetic
genes into a number of expression vectors containing a BamHI
recognition site within a coding region.
In addition, in-frame codons for methionine flank the
BanI recognition site. These residues are positioned to
allow for the facile removal of nonrepet it ive N- and C-
terminal amino acid sequences that arise from manipulations
involved in the gene construction. The 5' ATG codon may also
be used as a start codon in expression vectors that do not
supply a natural translational start.
One disadvantage to this plasmid is that there appears
to be some genetic instability seen in large repetitive genes
that have been cloned into the BanI site. Upon removal and
subsequent insertion of inserts into lower copy number
pBR322-derived vectors, this instability is no longer
evident^°
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pET3-b:
The selectivity of T7 RNA polymerase for specific
promoters, normally occurring only in viruses, has led to the
development of a T7-based bacterial expression system
offering the combined advantages of high levels of protein
expression and tight control over protein induction^^ The
expression vector pET3-b (see Figure 3.10), designed by
Studier and coworkers, contains the natural translational
start (from the major capsid protein of bacteriophage T7)
needed for expression of the synthetic polypeptides. The pET
system has been successfully used to express proteins that
are normally quite toxic to E. coli, and has been purported
to express foreign proteins in amounts up to 40% of total
cellular protein''^.
The vector used (pET3-b) contains a BamHI site in the
12th codon of the major capsid protein, one of the most
highly expressed proteins from bacteriophage TV. Upon
insertion of the synthetic genes isolated by BamHI digestion
of recombinant p937.51 plasmids, the expression vector
produces the materials as fusion proteins containing
nonrepetitive sequences of 23 amino acids on the N-terminus
and 34 amino acids on the C-terminus.
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3.3.3. Construction of the expression vectors
Inserts containing 5, 9, 14, and 27 repeats of the
[(AG)3PEG]2 monomer were purified by elect roelut ion
. inserts
containing 3, 4, 5, and 8 repeats of the [(AG)3NG]2 monomer
were similarly purified. These fragments were inserted into
the BamHI site of pET3-b. Transformants in HBlOl were
screened for the presence of insert by BamHI digestion, and
for orientation by Aval digestion. The orientation is
determined by the size of the Aval fragment. Upon digestion
with Aval, plasmids containing no insert have only one Aval
site and display only a vector band at ca . 4600 bp; plasmids
that have insert in the incorrect orientation produce two
bands, one of the vector plus the insert and one at 1184 bp;
plasmids containing insert in the correct orientation produce
two bands, a vector band of ca . 3400 bp and a smaller band
that migrates at the expected insert size plus 1250 bp
derived from the vector.
Plasmids containing the inserts in the correct
orientation were used to transform BL21(DE3) pLysS, In this
expression system the synthetic gene is under the control of
the OlO promoter of bacteriophage T7 . The requisite T7 RNA
polymerase gene is integrated into the bacterial genome under
lacUVS control, and can be induced by the addition of IPTG.
Suppression of basal T7 RNA polymerase activity is provided
by a low level of T7 lysozyme (a natural inhibitor of T7 RNA
polymerase) derived from the plasmid pLysS.
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Plasmid digestions with BamHI and Aval are shown for the
poly[(AG)3PEG], vectors in Figures 3.11 and 3.12, and similar
digestions of the poly [ (AG) 3NG]
^ vectors are presented in
Figures 3.13 and 3.14. in all cases the presence and
orientation of inserts is clearly demonstrated. These
cultures were subsequently used in protein expression
experiments
.
3.4. Protein expression and purification
3.4.1, Protein expressions
High levels of expression were achieved using a
naturally occurring t ranslat ional start from bacteriophage
T7. We have exploited this system to produce a series of
polypeptides of sequences 1 and 2, differing only in the
number of repeats, and have successfully expressed
polypeptides containing 10, 18, 28, and 54 repeats of
sequence 1, and 16 repeats of sequence 2.
Expressions were monitored by the in vivo incorporation
3
of H-glycine into proteins synthesized during mid-log
growth. The appearance of prominent new protein products,
migrating as narrow single bands in analytical gel
electrophoresis , is seen shortly after induction with IPTG
(seen in Figure 3.15 for the proteins containing repeated
[(AG)3PEG] domains and Figure 3.16 for the protein containing
16 [(AG)3NG] domains).
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Figure 3.11. BamHI digestions of poly [ (AG) 3PEG]
2
expression vectors in BL21(DE3) pLysS. Lanes 1 and 6,
^-BstEII molecular weight markers. Lane 2, pET3-5
.
Lane 3, pET3-9. Lane 4, pET3-14 . Lane 5, pET3-27.
Analysis performed in 1.5% agarose, TBE as buffer
.
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Figure 3.12. Aval digestions of poly [ (AG) 3PEG]
2
expression vectors in BL21 (DE3) pLysS . Lanes 1 and 6^
X,-BstEII molecular weight markers . Lane 2, pET3-5
.
Lane 3, pET3-9. Lane 4, pET3-14. Lane 5, pET3-27.
Analysis performed in 1.5% agarose, TBE as buffer
.
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Figure 3.13. BamHI digestions of poly [ (AG) 3NG] 2
expression vectors in BL21(DE3) pLysS. Lanes 1 and 6,
(])X17 4-HaeIII molecular weight markers , Lane 2, pET4-3
.
Lane 3, pET4-4 . Lane 4, pET4-5. Lane 5, pET4-8.
Analysis performed in 8% polyacrylamide, TBE as buffer.
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Figure 3.14. Aval digestions of poly [ (AG) 3NG]
2
expression vectors in BL21 (DE3) pLysS , Lanes 1 and 6,
^-BstEII molecular weight markers. Lane 2, pET4-3
.
Lane 3^ pET4-4 . Lane 4, pET4-5. Lane 5, pET4-8.
Analysis performed in 1.5% agarose^ TBE as buffer
.
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BL2I
(DE3)
pLysS pET3-b PET3-5 pET3-9 pET3-14 pET3-27
*^ <^ ^>*> 60 0 60 0 60 0 60
4 :
•
97.400
-- 68,()()()
-- 43,0()()
- 25,000
- 18,4(K)
• 14.000
Figure 3.15. In vivo labeling of proteins containing
repeated [(AG)3PEG]2 domains. Time points indicated
( in minutes ) are relative to IPTG addition . Analysis
performed in 12 % polyacrylamide at 15 mA constant
current. Molecular weight markers indicated at right
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BL21
(DE3)
pLysS pET3-b pET4-8
0 0 60 0 60 120
-- 97,400
- 68,000
- 43,000
-- 25,000
-- 18,400
-- 14,000
Figure 3.16. In vivo labeling of KM4-8
. Time points
indicated (in minutes) are relative to IPTG addition.
Analysis performed in 14% polyacrylamide at 15 mA
constant current . Molecular weight markers indicated
at right
.
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In the case of the protein containing 16 repeated
[(AG)3NG] domains (designated KM4-8)
, a second band of lower
molecular weight is also evident shortly after induction.
This may represent a degradation product, as both bands in
the expression are broad and diffuse, perhaps caused by some
form of sequence-specific proteolysis.
3.4.2. Purification of KM3-27
We have concentrated on purification and character-
ization of the polypeptide containing 54 repeats of sequence
1 (designated KM3-27)
.
The sequence of this polypeptide is
shown in Figure 3.17. We estimate that the amount of KM3-27
produced accounts for 5-10% of the total cellular protein. A
simple purification procedure based on 1 liter expressions
and relatively low cell densities has been developed, and
yields ca
.
10 mg of highly purified protein per liter of
culture. The details of the purification were worked out
using radiolabeled material, as the synthetic polypeptides
are poorly visualized using conventional dyes.
As summarized in Figure 3.18, purification is initiated
by selectively precipitating out the recombinant protein
using ammonium sulfate. The material is precipitated over a
narrow range of salt concentrations, resulting in a modest
increase in purity. Resuspension of the 40-60% fraction in
distilled water, followed by a single step adjustment of the
pH to 4.0 with glacial acetic acid, resulted in precipitation
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N-Terminus
:
M * ASM * TGGQQM * GRDPM * FKYSRDPM * G
Repeating Portion:
[AGAGAGPEGAGAGAGPEG] 27
C-Terminus
ARM * HIRPGRYQLDPAANKARKEAELAAATAEQ
Figure 3.17. Sequence of KM3-27. Asterisks (*)
indicate sites of cyanogen bromide cleavage.
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of virtually all the contaminating proteins, leaving the
recombinant protein in solution.
This fraction can also hf» r^^T^^^=^^^xt> De purified using an ion-exchange
column, as shown in Figure 3.19. The protein possesses a net
negative charge in buffered medium at pH 7
. 5 . The protein
binds to the resin, and may be selectively eluted using
increasing concentrations of NaCl. As shown in Figure 3.19,
a substantial proportion of the protein detectable by
Bradford analysis is eluted at low salt conditions (100 mM
NaCl)
.
KM3-27 can be selectively eluted between 175-225 mM
NaCl. Large scale purification uses a step gradient going
from 150 mM NaCl to 250 mM NaCl. The fraction between 150
and 250 mM is collected and dialyzed to remove salt. This is
the final step in the purification. These techniques, in
combination with RNAse A and DNAse I treatment prior to acid
precipitation, have been used to purify protein from
quantities of culture in excess of 20 liters.
CNBr-cleavage of this material, described in section
2.2.5.6., was shown to go to completion within 24 hours.
The analysis of the CNBr-cleavage reaction is seen in Figure
3.20. The apparent molecular weight of the cleaved material
is approximately 65,000 Daltons. The dramatic increase in
mobility arising from the removal of only 5800 Daltons of N-
and C-terminal protein is not yet understood.
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3.4.3. Purity analyses of KM3-27
Materials were subjected to elemental analysis to
determine the level of non-protein contaminants (see Table
3.2). Levels of ash were less than 0.1%, indicating little
or no salt in the samples. Sodium levels are considerably
higher (0.88%); how these two pieces of data are rationalized
is not clear. The C,H,N analysis was compli-cated by the
presence of bound water, at levels of ca . 13% by weight.
This value is similar to levels of bound water seen in
chemically synthesized copolypept ides of glycine and alanine^^
(5-8 wt%) and B. mori silk fibroin (11 wt%)22. The higher
values for the purified forms of KM3-27 relative to the
glycine-alanine copolypept ides may reflect a hydration shell
surrounding the glutamic acid residues. In the case of the
CNBr-cleaved material, there exists not only residual water,
but also possible residual formic acid, used as solvent in
the CNBr cleavge reaction. As this analysis is relatively
insensitive to the composition of the material (e.g.
discrimination of leucine vs. isoleucine) , the analysis is
most useful for determining levels of salt or residual
solvent. In the case of KM3-27, a value of 15% water by
weight would have given satisfactory agreement with the
observed values for carbon and nitrogen, and less than a 1%
error in the hydrogen value. The presence of water in the
sample was quantified using thermogravimetric analysis, and
is presented in section 3.6.1. The amount of water was
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A B C D E F G
Figure 3.18. Purification of KM3-27. A, whole cell
lysate. B, 0-4 0%ammonium sulphate fraction. C, 40-50%
fraction. D, 40-60 fraction. E, 60-90% fraction. F, pH
4.0 insoluble fraction. G, pH 4 . 0 soluble fraction.
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Figure 3.19. DEAE-Sephadex A-25 column chromatograph
of KM3-27. Protein detected by Bradford analysis.
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TIME(hr) 0 12 24 36 48
-- 116,000
84,000
68,000
58,000
Figure 3.20. CNBr-cleavage of KM3-27. See section
2.2.5.6, for details of the reaction conditions.
Analysis performed in 10% polyacrylamide at 15 mA
constant current. Molecular weight markers indicated
at right
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Table 3.2
Elemental analyses of uncleaved
and CNBr-cleaved KM3-27
.
KM3-27 CNBr-cleaved KM3-?7
^ ^ ^"^g"^- expected* % observed % expected * s. observed %
Carbon 43.2 43.2 43.0 38.0
Hydrogen 6.7 6.0 6.7 5.9
Nitrogen 16.7 15.9 16.7 13 .4
Sodium 0.00 0.88
Ash 0.00 <0.1 0.00 <0 .
1
* based on the presence of 13 weight % water, determined by
thermogravimetr ic analysis.
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determined to be 13 percent by weight, and the expected
elemental compositions presented in Table 3.2 reflect this.
Ultraviolet spectroscopy was used to determine the level
of contamination by nucleic acids. The spectra, presented in
Figure 3.21, indicate very low levels of nucleic acid based
on absorption at 260 nm. Assuming that the 260 nm absorbance
was due solely to nucleic acid, the maximum level of
contamination for KM3-27 would be 0 . 5 wt%, and for the CNBr-
cleaved material 0.3 wt%.
3.5. Characterization of chain microstructure
The primary objective of this work is to demonstrate
that polymers produced through genetic methods are of tightly
controlled chain architecture. The materials should be
monodisperse and unique in molecular weight, of defined
composition and sequence, and stereochemically pure. Each of
these aspects will be addressed in greater detail in the
following sections. Since it is known that biological
organisms only incorporate L-amino acids into proteins,
biosynthet ically produced polypeptides can be considered as a
class of perfectly isotactic polyamides, with stereo-chemical
control provided by the organism in which protein production
occurs. Sequences and compositions have been analyzed by N-
terminal sequencing and amino acid compositional analysis,
and molecular masses determined through laser desorption mass
spectrometry
.
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3.5.1. Control over sequence
The sequences of both the uncleaved and CNBr-cleaved
forms of KM3-27 were determined by Edman degradat ion^^ This
analysis was performed at the University of Wyoming, Laramie
N-terminal sequencing through the first 58 residues of the
uncleaved form confirmed the expected sequence exactly, and
indicated that the N-terminal methionine of the sequence had
been removed in vivo. The CNBr-cleaved form was subjected tc
limited N-terminal sequencing, more to confirm the successfu!
removal of the nonrepet itive termini than for further
sequence verification. The experimentally determined
sequence of the uncleaved form of KM3-27 is:
ASMTGGQQMGRDPMFKYSRDPMGAGAGAGPEGAGAGAGPEGAGAGAGPEGAGAGAGP
and for the CNBr-cleaved form: GAGAGAGPEGAGAGAGPE
3.5.2. Control over composition
.
,
Both the uncleaved and CNBr-cleaved forms of purified
KM3-27 were analyzed for amino acid composition. The result;
indicated that the proteins were composed primarily of
glycine, alanine, proline, and glutamic acid. Two
concentrations of hydrolyzate were used; a concentrated
sample (containing ca. 20-40 |J.g) to determine low levels of
132
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Figure 3.21. Ultraviolet spectra of KM3-27
.
(a) uncleaved form. (b) CNBr-cleaved form.
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amino acid contaminants, and a diluted sample (containing ca
.
5-10 ng) to confirm the ratios of the major amino acid
constituents. The results are shown in Table 3.3.
The concentrated sample clearly showed the nonrepetit ive
amino acids in the uncleaved form, which disappeared upon
CNBr-cleavage. The appearance of an increase in serine may
be due to the formation of homoserine as a product of the
CNBr-cleavage reaction. This would indicate that the smaller
fragments may not be completely removed through dialysis.
The diluted samples gave ratios of amino acids
consistent with the proposed protein sequences, both in the
uncleaved and CNBr-cleaved forms. In particular, the ratios
for the CNBr-cleaved form of KM3-27 were in excellent
agreement with predicted values. The ratios obtained for the
uncleaved form were complicated by detector overshoot for
glycine and alanine, but were nonetheless also in good
agreement with the predicted values.
1 13H and C NMR spectra were obtained for the uncleaved
form of KM3-27, and are presented in Figures 3.24 and 3.25.
The spectrum shows the splitting of the alanine methyl
into a doublet centered at 1.31 ppm, the glycine methylene at
3.87 ppm, a complex set of overlapping methine peaks from the
four major amino acid constituents at 4.25-4,40 ppm, and the
proline and glutamic acid methylenes between 1.90 and 2.40
ppm. The integrations of these areas, shown in Figure 3.22,
are in reasonably good agreement with the predicted ratios
for various hydrogens in the nonapeptide repeat. The region
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between 4.40 and 3.50 ppm is overrepresented relative to the
others; this is the region of the spectrum in which all of
the a-hydrogens in amino acids are seen. Conse-quent ly, the
a-hydrogens from both the non-repetitive termini as well as
any contaminating proteins are included in the integration.
peak assignments for KM3-27 are shown in Table 3.4.
1
3
In the C NMR spectrum, every carbon of the nonapeptide
repeat can be definitively assigned based on the amino acid
residue chemical shifts reported by Richarz and Wuthrich", or
the ^^C NMR study of B. mori fibroin con-ducted by Asakura and
coworkers^''. The ^^C peak assignments for KM3-27 are
presented in Table 3.5.
In the study conducted on silk fibroin, a splitting of
the glycine carbonyl peak was observed, indicating its
sensitivity to sequence in the protein. Similar results are
seen in the ^^C spectrum of KM3-27. The glycine carbonyl
resonance is split into three distinct peaks (at 171.06,
171.23, and 171.35 ppm) reflecting the three different
glycines within the repeat; Ala-GIy-Ala, Ala-GIy-Pro, and
Glu-Giy-Ala. At present there is insufficient evidence to
unambiguously assign these peaks to various sequences.
3.5.3. Control over chain length
Analytical gel electrophoresis has been of great value
in determining purity and homogeneity of the material, but
has not been useful in molecular weight determination. This
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is because the synthetic polypeptides migrate anomalously
slowly in protein gels. The reasons for this are not clearly
defined, but similar results have been seen in other glycine-
alanine rich proteins^^ A plot of distance migrated versus
the reciprocal of log(M^) is seen in Figure 3.26. In all
cases the materials migrate anomalously, with a change in
slope occurring between 28 and 54 repeats of the nonapeptide
sequence. The reasons for this slope change are not clear.
In collaboration with Dr. Brian Chait at Rockefeller
University, molecular mass determinations were accomplished
on the uncleaved and CNBr-cleaved forms of KM3-27 using laser
desorption mass spectrometry. The expected molecular mass of
the uncleaved form of KM3-27 is 42,123; the experimentally
determined value was 42,089, agreeing to within 0.1%.
Similarly, the expected mass of the CNBr-cleaved KM3-27 is
36,460; the experimentally determined value was 36,450,
agreeing to within 0.03%.
3.6. Solid-state properties
The solid state properties of KM3-27 have been
investigated using several techniques, including differential
scanning calorimetry, thermogravimet ric analysis, Fourier
transform infrared spectroscopy, and wide angle x-ray
scattering. The objective of these analyses was to determine
the organization of the polypeptide chains within crystalline
domains in the material. Based on arguments derived from
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Table 3.3
lo acid compositions of the uncleaved
and CNBr-cleaved forms of KM3-27.
Concentrated samples:
CNBr-cl pavpH
KM3-27 (°^\ KM3-27 (°^)
exp
.
obs
.
exp
.
obs .
Glycine 40 . 8 44 .3 44 .4 44 .7
Alanine 31. 6 28
. 1 33 .3 28 . 1
Proline 10
.
7 12 . 7 11 . 1 12 .2
Glutamic acid 10
. 5 13
. 0 11 . 1 12
. 8
Serine 0. 4 0 .5 0 .0 1 , 1
Total 94 . 0 98 . 6 99 . 9 98 . 9
Diluted samples
:
CNBr-cleaved
KM3-27 (%) KM3-27 (%^
exp. obs. exp. obs.
Glycine 40 .8 44 . 7 44 .4 45.8
Alanine 31 . 6 32 .0 33 .3 32 .2
Proline 10 . 7 12 .2 11
. 1 12 .3
Glutamic acid 10 .5 11 . 1, 11 .1 9.7
Total 93 . 6 100 . 0 99 . 9 100 .0
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Figure 3.22, "'"H NMR spectrum of uncieaved KM3-27
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Figure 3.25. Expanded C NMR spectrum of uncleaved
KM3-27. (a) carbonyl region. (b) aliphatic region.
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Table 3.4
1H peak assigments for uncleaved KM3-27
PgaK Position (ppm) Classification Assianmpnt
^•^^ doublet Ala P-CH3
^•^°"2-20 multiplet Pro p-CH 2
Pro Y-CH2
Glu P-CH2
2-38 multiplet Glu Y-CH2
3-57 multiplet Pro 6-CH2
3-87 singlet Gly a-CH2
4.05 doublet Glu a-H
4.25-4.40 multiplet Ala a-H
Pro a-H
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Table 3.5.
peak assigments for uncleaved KM3-27
Pg^k Posit- Ion (ppm) AssianmPnf
16.48 Ala
24 .54 Pro 5
26.04 Glu P
29.36 Pro
30 .46 Glu Y
42 .47 Gly a
47 .11 Pro 5
49. 91 Ala a
53.32 Glu a
60.79 Pro a
171.06 Gly c=o
171 .23 Gly c=o
171 .35 Gly c=o
173.99 Pro c=o
174 .75 Glu c=o
175.59 Ala c=o
177 .50 Glu COOH
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empirical relations relating sequence and secondary
structurel\ a chain-folded lamellar structure of thickness of
ca. 28-30 A was proposed. This highly crystalline material
should be composed of p-sheet structures stabilized through
extensive intrachain hydrogen bonding. The thermal,
spectroscopic, and scattering properties of such materials
can be readily distinguished from those of their amorphous
counterparts, allowing for quantitative determination of
polymer chain conformation within the crystalline domains.
3.6.1. Thermal properties
Thermogravimetric analysis of the uncleaved form of KM3-
27 indicated the presence of bound water at a level of 13
wt%, and an onset of decomposition at 270 °C . This level of
bound water is similar to that seen in B.mori silk fibroin^^
and repetitive copolypept ides of glycine and alanine^^. The
thermogravimetric analysis is shown in Figure 3.27.
Differential scanning calorimetry also showed the
presence of water, and a second scan revealed a T^ at 171 °C.
This value for the glass transition temperature, along with
the value for the decomposition temperature, are in excellent
agreement with the T^^^ and Tg associated with amorphous
samples of B. mori silk fibroin^^. No evidence of a T^ is
seen, even after raising the temperature to 230 °C (known to
induce an amorphous to P transition in silk fibroin) . That a
Tg is seen after annealing indicates a substantial amorphous
144
0.21 0.22 0.23 0.24 0.25
1/log (Mr)
Figure 3.26. Plot of mobility versus the reciprocal of
log (Mj.) for the series of polypeptides containing
repeated [ (AG) 3PEG] domains . Analysis performed in 10%
polyacrylamide at 15 mA constant current.
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component within the material. Differential scanning
calorimetry on the uncleaved form of KM3-27 from 50 °C to 230
°C is shown in Figure 3.28. The glass transition was a
repeatable phenomenon, varying by less than 2-3 °C on
subsequent scans. Upon heating to greater than 220 °C,
amorphous B. ;r,ori silk fibroin undergoes a transition to its
crystalline p-form, and subsequent temperature cycling fails
to reproduce the amorphous T^.
3.6.2. Infrared spectroscopy
Fourier transform infrared spectroscopy can be used as a
sensitive probe for molecular conformation in proteins,
through several diagnostic amide absorptions. The position
of the Amide I band is sensitive to the type of secondary
structure, as is the Amide II band. Work done by Moore and
Krimm and Lotz, Brack, and Spach^-^ on poly (alanylglycine)
indicates that the Amide I band of residues in P-sheet
structures occurs between 1625-1635 cm"-"-, while residues in
helices or random structures have Amide I resonances near
1650 cm""*"
.
The 1630 cm""^ resonance is commonly used as a
diagnostic for the presence of p-sheets in proteins and
oligopeptides
. The Amide II resonance occurs at 1535-1545
cm""^ in random coil proteins, but is shifted to 1525-1530 cm""^
in (i-sheet structures .
However, the high proportion of p-turns, having Amide I
resonances between 1660-1675 cm*"'", may complicate the analysis
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through band overlap. Recently, Perkins and coworkers^^
undertook an FTIR analysis on properdin, a human complement
protein predicted to have a strand-turn-strand structure
similar to the proposed structure of KM3-27. They concluded
that the p-sheet and P-turn absorbances overlapped to such an
extent that detailed band structures could not be observed.
Samples of the uncleaved and cleaved forms of KM3-27
were prepared as films cast from formic acid, duplicating
the sample preparation used by Fraser'and MacRae'^^ in
structural analyses of poly [Ala-Gly ] . As seen in Figures
3.29 and 3.30, the Amide I and Amide II resonances exhibit
frequencies normally associated with random conformations in
polypeptides. As a basis for comparison, the values for
poly [Ala-Gly]
,
which forms extended p-sheet structures in the
solid state, are provided.
The potassium salt of KM3-27 was prepared by dissolving
the polypeptide in a dilute KOH solution and precipitating
the protein by the addition of isopropanol. After extensive
drying this sample was analyzed as a KBr pellet. The
infrared spectrum, shown in Figure 3,31, again exhibits
resonances normally associated with random coil
conformations
.
3.6.3. Wide angle x-ray scattering
Wide angle x-ray scattering on films cast from formic
acid or water failed to indicate any long-range structural
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Figure 3.27, Thermogravimetric analysis of the
uncleaved form of KM3-27
.
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Figure 3.28. Differential scanning calorimetry of the
uncleaved form of KM3-27.
149
KM3-27 PQlY[Ala-C7Xy1
Amide I 1653 cm"^ 1630 cm"^
Amide II 1540 cm ^ 1525- Cm"^
Figure 3.29. Fourier transform infrared spectroscopy
on the uncleaved form of KM3-27. Sample prepared as a
film cast from formic acid.
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CNBr-cleaved
KM3-27 Dolv FAla-Glyl
Amide I 1653 cm-1 1630 cm-1
Amide II 153 9 cm~^ 1525 cm-1
Figure 3.30. Fourier transform infrared spectroscopy
on the CNBr-cleaved form of KM3-27. Sample prepared as
a film cast from formic acid.
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K+ salt of
KM3-27 polyrAla-GlYl
Amide I 165 9 cm""'- 1630 cm""'-
Amide II 1547 cm ^ 1525 cm"^
Figure 3.31. Fourier transform infrared spectroscopy
on the potassium salt of KM3-27. Sample prepared as a
KBr pellet.
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order in either the uncleaved or CNBr-cleaved form of KM3-27,
yielding only amorphous halos (see Figures 3.32 and 3.33).
The experimental evidence strongly suggests that the chain is
structurally disordered in the solid state, in contrast to
the structure originally proposed.
3.7. Conclusiions
The primary objective of this work was to demonstrate
the successful production of novel polymers in which the
important microstructural variables (sequence, composition,
chain length, and stereochemistry) are under tight control.
One polypeptide, KM3-27, was investigated in detail. The
experimental evidence clearly demonstrated control over the
sequence, composition, and molecular weight of the material,
with the stereochemistry controlled by the biosynthetic
machinery responsible for its production.
The second and more challenging objective of this work
was to begin investigation of the relationship between
primary amino acid sequence and solid-state properties. KM3-
27 was characterized in the solid state by thermal analysis,
vibrational spectroscopy, and x-ray diffraction, but failed
to exhibit the characteristics of the chain-folded lamellar
structure originally proposed. This result, although
disappointing, simply comfirmed something that we already
knew; that the relationship between amino acid sequence and
higher levels of organization is only partially understood,
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Figure 3.32. Wide angle x-ray scattering on the
uncleaved form of KM3-27. Sample prepared as a
film cast from distilled deionized water. Sample
to film distance is 56 mm.
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Figure 3.33. Wide angle x-ray scattering on the CNBr-
cleaved form of KM3-27. Sample prepared as a film cast
from formic acid. Sample to film distance is 75.2 mm.
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and that the use of empirical rules does not guarantee
success in predicting structures in the solid state.
3.8. Future work
Of immediate interest will be the structural
characterization of the poly [ (AG) 3NG] polypeptides, as their
turn sequences are more closely aligned to both the consensus
p-hairpin turn sequences of Sibanda and Thornton, and the
turns described in the Chrysopa flava egg stalk protein.
These polypeptides were synthesized as a "second generation"
sequence, after structural characterization on chemically
synthesized poly [ (AG) 3EG] (sequence 1 without the proline
residue) suggested chain folded lamellar structures in the
solid state. These sequences, along with others currently
being prepared, form the beginnings of a new information base
relating sequence and solid state structure and properties.
The chemist can now control the sequence of copolymers, the
identity and position of every residue in the chain, and to a
limited extent the crystalline structure and macroscopic
properties of novel polypeptides.
With the wide variety of functional groups that can be
introduced into the chain, and the unparalleled level of
control offered by biosynthesis, researchers are presented
with the opportunity to create a completely new branch of
polymer science, limited only by their imagination.
156
ENDNOTES
1) Szwarc, M., (1968) Ca rbc^n i on S . Living Pnlyn^^r.
, ;^n ^
E lectron Tran,^fer Proc.f^^^^^ . mterscience.
2) Boor, J., (1979) Zie cf] er-Naf t a C^t^ly.t. .nH
PQlymeri zat ions, Academic Press.
3) Anfinsen, C.B., Haber, E., Sela, M., and White, H.,
(1961) Proc. Nat. Acad. Sci. (USA), 47, 309.
4) Pauling, L., Corey, R.B., and Branson, H.R., (1951)
Proc. Nat. Acad. Sci. (USA), 37, 205.
5) Hoi, W.G.J.
, (1978) Mature, 273, 443.
6) Walton, A.G., (1981) Polypeptides and Protein StrnctnrP
,
Elsevier
.
7) Alder, A.J., (1973) Methods in Enzymolngy
. 27, 675.
8) Davies, D.R., (1964) J. Mol. Biol., 9, 605.
9) Havsteen, B.H., (1966) J. Theor . Biol., 10, 1.
10) Goldsack, D.E., (1969) Biopolymers
,
7, 299.
11) Wu, T.T., and Kabat, E.A., (1971) Proc. Nat. Acad. Sci.
(USA), 68, 1501.
12) Fasman, G.D., (Ed.), (1967) Poly-«-Amino Acids , Dekker.
13) Chou, P.Y., and Fasman, G.D., (1974) Biochemistry, 13,
222 .
14) Levitt, M., (1978) Biochemistry, 17, 4277.
15) Venkachatalam, CM., (1968) Biopolymers, 6, 1425.
16) Chou, P.Y., and Fasman, G.D., (1977) , J. Mol. Biol.,
115, 135.
17) Wilmot, CM., and Thornton, J.M., (1988) J. Mol. Biol.,
203, 221.
18) Richardson, J.S., and Richardson, D.C, (1989) in
Prediction of Protein Struct ure and the Principles of
Protein Conformation . Plenum.
157
20) Chou,^^P.Y., and Fasman, G.D., (1978) Ann. Rev. Biochem.,
^n^ni^' o'S^.a^'''
J.T.B., and Smith, S.G., (1960) J. Mol.tilo .y 2^ 339,
22) Livengood, CD., (1989) in EncvM np^ di a of Pnlyr.^^
Sc i enCf^ and Enai nf^^ri ng
^ Vol. 15, 309.
23) Zimmerman, j., (1989) in Encvd onedi a of Pnly^^-^
Sc i enr.e and Enai neer-i ng
, Vol. 11, 315.
24) Gosline, J.M., and Denny, M.W., (1984) Nature, 309,
551
.
25) Warwicker, J.O., (1960), J. Mol. Biol., 2, 350.
26) Rich, A., and Crick, F.H.C., (1961) J. Mol. Biol., 3,
483.
27) Sandberg, L.B., Leslie, J.G., Leach, C.T., Torres, V.L.,
Smith, A.R., and Smith, D.W., (1985) Pathol. Biol., 33,
266.
28) Thomas, G.J., Prescott, B., and Urry, D.W., (1987)
Biopolymers, 26, 921.
29) Cook, W.J., Einspahr, H.M., Trapane, T.L., Urry, D.W.,
and Bugg, C.E., (1980) J. Am. Chem. Soc
. ,
102, 5502.
30) Urry, D.W., (1988) J. Protein Chem., 1, 1.
31) Urry, D.W., Haynes, B., Zhang, H., Harris, R.D., and
Prasad, K.U., (1988) Proc. Nat. Acad. Sci . (USA), 85,
3407 .
32) Waite, J.H., (1983) J. Biol. Chem., 258, 2911.
33) Peggion, E., and Goodman, M., (1989) in Encyclopedia of
Polymer Science and Engineering , Vol. 12, 786.
34) Goodman, M., and Peggion, E., (1981) Pure Appl . Chem.,
53, 669.
35) Katchalski, E., and Sela, M., (1958) Adv. Prot. Chem.,
13, 249.
36) Szwarc, M., (1965) Adv. Polym. Sci., 4, 1.
158
37
38
39
40
41
42
44
45
46
47
52
l^ttSf?' Klausner, Y.S., and Ondetti, M., (1976)i^ epr. icl^ Svnthf SI Wiley.
Tnci^ZT.'J'V ^^^"^^t, M., Niedrich, H., Carpino, L.,a d Sadat-Aalaee, D., (1990) J. Org. Chem., 55, 721.
Kent, S.B.H., (1988) Ann. Rev. Biochem., 57, 957.
Kaiser, E.T., Mihara, H., Laforet, G.A., Kelly, J.W.,Walters, L., Findeis, M.A., and Sasaki, T., (1989)Science, 243, 187.
1770^''' Suzuki, E., (1966) Anal. Chem., 38,
Go, Y., Noguchi, J., Asai, M., and Hayakawa, T., (1956)
J. Polym. Sci., 21, 147.
43) Fraser, R.D.B., McRae, T.P., Stewart, F.H.C., and
Suzuki, E., (1965) J. Mol
. Biol., 11, 706.
Marsh, R.E., Corey, R.B, and Pauling, L., (1955)
Biochim. Biophys
. Acta, 16, 1.
Suzuki, E., (1967) Spectrochim. Acta, 23A, 2303.
Geddes, A.J., Parker, K.D., Atkins, E.D.T., and
Beighton, E., (1968) J. Mol. Biol., 32, 343.
Bradbury, E., et al
. , (1960) J. Mol. Biol., 2, 276
48) Takeda, Y., (1990) Biopolymers, 29, 1125.
49) Rudall, K.M., (1946) Symposium on Fibrous Proteins,
p . 15 .
50) Lotz, B., and Keith, H.D,, (1971) J. Mol. Biol., 61,
195.
51) Lotz, B., and Keith, H.D., (1971) J. Mol. Biol., 61,
201.
Shimizu, M., (1941) Bull. Imp. Sericult. Exp. Sta. Jpn
.
,
10, 475.
53) Konishi, T., and Kurokawa, M., (1968) Sen -i Gakkaishi,
23, 64.
54) Traub, W., and Yonath, A., (1966) J. Mol. Biol., 16,
404 .
159
Andreeva, N.S. Millionova, N.I., and Chirgadze, Y.N.,
^^^"^ Aspfir,r,<^ of PrntP^n c,^ Academic Press.
.t''.'^
(1988) Biochim. Biophys.Res. Comm., 154, 1054.
Groger, G., Ramalho-Ort iago, F., Steil, H., andSeliger, H., (1988) Nuc. Acids Res., 16, 7763.
Doel, M.T., Eaton, M., Cook, E.A., Lewis, H., Patel, T.,
and Carey, N.H., (1980) Nuc. Acids Res., 8,4575.
Kangas, T.T., Cooney, C.L., and Gomez, R.F., (1982) Appl
Environ. Microbiol
. , 43, 62 9.
Biernat, J
. ; and Koester, H., (1987) Protein Eng., 1,
353. ^
Gupta, S.C., Weigh, H.L., and Somerville, R.L. (1983)
Biotechnology, 9, 602.
Goldberg, I., and Salerno, A. (1989) Gene, 39, 129.
Hardies, S.C., et al., (1979) J. Biol. Chem., 254, 5527,
Sadler, J.R., Tecklenburg, M., and Betz, J.L., (1980)
Gene, 8, 279.
Sadler, J.R., Betz, J.L., and Tecklenburg, M., (1978)
Gene, 3, 211.
Hartley, J.L., and Gregori, T.J., (1981) Gene, 13, 347.
Cappello, J., and Ferrari, F., personal communication.
Sibanda, T., and Thornton, J.M., (1985) Nature,
316, 170 .
Wunderlich, B., (1973) Macromolecular Physics Vol. 1:
Crystal Structure^ Morphology, and Defects ^ Academic
Press
.
Birnboim, H.C., and Doly, J., (1979) Nuc. Acids Res.
7, 1513.
McBride
,
L.J., and Caruthers, M.H., (1983) Tetrahedron
Lett., 24, 245.
Yanisch-Perron, C, Vieira, J., and Messing, J., (1985)
Gene, 33, 103.
160
73
74
75
76
77
78
79
80
82
Ana?yslrsj:t:i'^;' '''''' """^ "^^^^^ '^'^
Cappello, J., and Ferrari, F., personal communication.
Rosenberg, A.H., et al
. , (1987) Gene, 56, 125.
^''^ Cohen, S.N., (1978) J. Bacterial.,
134, 1141.
166^' 4^7'^" F-W-' (1983) J. Mol. Biol.,
Laemmli, U.K., (1970) Nature, 227, 680.
Studier, F.W., Rosenberg, A.H., and Dunn, J.J., (1989)
Methods in Fnyyin^l (in press)
.
Bradford, M., (1976) Anal. Biochem.
,
151, 369.
81) Smith, B.J., (1988) in Methods in MnlPcular Rinlngy
Vo l . 3, New Protein Terhnigim.^
, Humana.
Parker, K.D., and Rudall, K.M., (1957) Nature, 179,
905.
83) Hepburn, H.R., Chandler, H.D., and Davidoff, M.R.,
(1979) Insect Biochem., 9, 69.
84) Atkins, E.D.T., personal communication.
85) Dreyfus, M., (1988) J. Mol. Biol., 204, 79.
86) Ikemura, T., (1981) J. Mol. Biol., 146, 1.
87) Aota, S., Gojobori, T., Ishibashi, F., Maruyama, T.,
and Ikemura, T., (1988) Nuc. Acids Res., 16, r315.
88) Piers, W., and Grosjean, H., (1979) Nature, 277, 328.
89) S0rensen, M.A., Kurland, C.G., and Pedersen, S., (1989)
J. Mol. Biol., 207, 365.
90) Krejchi, M., personal communication.
91) Lotz, B., Brack, A., and Spach, G., (1974) J. Mol.
Biol., 87, 193.
92) Edman, P., and Begg, G., (1967) Eur, J. Biochem., 1, 80
161
93)
l^""^^^^^^^'^
^
'
and Wuthrich, K., (1978) Biopolymers,
^^ao'^f^' ^"
^^tanabe, Y., Uchida, A., and Minagawa, H.,(iy«4) Macromolecules, 17, 1075.
95) Cappello, J., and Ferrari, F., personal communication.
96) Magoshi, J., Magoshi, Y., Nakamura, S., Kasai, N., and
Kakudo, M., (1977) J. Polym. Sci . Polym. Phys. Ed., 15,1675
.
97) Moore, W.H., and Krimm, S., (1976) Biopolymers, 15,
2 4 65.
98) Perkins, S., Nealis, A., Haris, P. I., Charman, D.,
Goundis, D., and Reid, K., (1989) Biochemistry, 28,
7176.
162
BIBLIOGRAPHY
Alder, A.J., (1973) Method. n r,.^^^^^^,, 27, 675.
Andreeva, N.S., MiUionova, N.I., and Chirgadze, Y.N.,
Aspects of Protein .structure
. Academic Press.
Anfinsen, C.B., Haber, E., Sela, M., and White, H., (1961)
Proc. Nat. Acad. Sci
. (USA), 47, 309.
Aota, S., Gojobori, T., Ishibashi, F., Maruyama, T., and
Ikemura, T., (1988) Nuc. Acids Res., 16, r315.
Asakura, T., Watanabe, Y., Uchida, A., and Minagawa,
H.,(1984) Macromolecules, 11, 1075.
Baule, V.J., and Foster, J. A., (1988) Biochim. Biophys
.
Res. Comm., 154, 1054.
Beyermann, M., Bienert, M., Niedrich, H., Carpino, L., and
Sadat-Aalaee, D., (1990) J, Org. Chem., 55, 721.
Biernat, J., and Koester, H., (1987) Protein Eng., 1, 353.
Birnboim, H.C., and Doly, J., (1979) Nuc. Acids Res. 1,
1513.
Bodnansky, M., Klausner, Y.S., and Ondetti, M., (1976)
Peptide Synthesis
^
Wiley.
Boor, J., (1979) Ziegler-Natta Catalysts and
Polymerizations
,
Academic Press.
Bradbury, E., et al., (1960) J. Mol. Biol., 2, 276.
Bradford, M., (1976) Anal. Biochem., 151, 369. Smith, B.J.,
(1988) in Methods in Molecular Biology Vol. 3. New
Protein Techniques , Humana
.
Chang, A.C.Y., and Cohen, S.N., (1978) J. Bacterioi., 134,
1141.
Chou, P.Y., and Fasman, G.D., (1974) Biochemistry, 13,
222 .
Chou, P.Y., and Fasman, G.D., (1977) , J. Mol. Biol., 115,
135 .
Chou, P.Y., and Fasman, G.D., (1978) Ann. Rev.
Biochem., Al, 251.
163
Cook W.J. Einspahr, H.M., Trapane, T.L., Urry, D.W., andBugg, C.E., (1980) J. Am. Chem. Soc
. ,
102; 5502.
Creighton, T., (1983) Proteins: Strnrfn... .nH Mni...ii,^
Propprf i (p,c;^ Freeman.
Davies, D.R., (1964) j. moI
. Biol., 9, 605.
Doel, M.T., Eaton, M., Cook, E.A., Lewis, H., Patel, T., and
Carey, N.H., (1980) Nuc
. Acids Res., 8, 4575.
Dreyfus, M., (1988) J. MoI. Biol., 204, 79.
Dunn, J.J., and Studier, F.W., (1983) J. Mol. Biol. ,166,
All.
Edman, P., and Begg, G., (1967) Eur. J. Biochem., 1, 80.
EG&G Biomolecular, (1989) "The Acugen 402 Nucleic Acid
Analysis System."
Fasman, G.D., (Ed.), (1967) Poly-a-Amino Acids
,
Dekker.
Piers, W., and Grosjean, H., (1979) Nature, 277, 328.
Fraser, R.D.B., and Suzuki, E., (1966) Anal. Chem., 38,
1770
.
Fraser, R.D.B., McRae, T.P., Stewart, F.H.C., and Suzuki,
E., (1965) J. Mol. Biol., 11, 706.
Garnier, J., Osguthorpe, D.J., and Robson, B., (1978) J.
Mol. Biol., 120, 97.
Geddes, A.J., Parker, K.D., Atkins, E.D.T., and Beighton,
E., (1968) J. Mol. Biol., 32, 343.
Go, Y., Noguchi, J., Asai, M., and Hayakawa, T., (1956) J.
Polym. Sci., 21, 147.
Goldberg, I., and Salerno, A. (1989) Gene, 39, 129.
Goldsack, D.E., (1969) Biopolymers, 7, 299.
Goodman, M., and Peggion, E., (1981) Pure Appl . Chem., 53,
669.
Gosline, J.M., and Denny, M.W., (1984) Nature, 309, 551.
Groger, G., Ramalho-Ort iago, F., Steil, H., and Seliger,
H., (1988) Nuc. Acids Res., 16, 7763.
164
Gupta,_ S.C., Weigh, H.L., and Somerville, R.L. (1983)Biotechnology, 9, 602.
Hardies, S.C., et al., (1979) J. Biol. Chem., 254, 5527.
Hartley, J.L., and Gregori, T.J., (1981) Gene, 13, 347.
Havsteen, B.H., (1966) J. Theor. Biol., 10, 1.
Hepburn, H.R., Chandler, H.D., and Davidoff, M.R.,
(1979) Insect Biochem., 9, 69.
Hoi, W.G.J.
, (1978) Nature, 273, 443.
Ikemura, T., (1981) J. Mol
. Biol., 146, 1.
Kaiser, E.T., Mihara, H., Laforet, G.A., Kelly, J.W.,
Walters, L., Findeis, M.A,, and Sasaki, T., (1989)
Science, 243, 187.
Kangas, T.T., Cooney, C.L., and Gomez, R.F., (1982) Appl
.
Environ. Microbiol., 43, 62 9.
Katchalski, E., and Sela, M., (1958) Adv. Prot. Chem., 13,
249.
Kent, S.B.H., (1988) Ann. Rev. Biochem., 57, 957.
Konishi, T., and Kurokawa, M., (1968) Sen -i Gakkaishi,
23, 64.
Laemmli, U.K., (1970) Nature, 227, 680.
Levitt, M., (1978) Biochemistry, 17, 4277.
Lewin, B., (1987) Genes III, J. Wiley and Sons.
Livengood, CD., (1989) in Encyclopedia of Polymer Science
and Engineering. Vol. 15, 309.
Lotz, B., and Keith, H.D., (1971) J. Mol. Biol., 61, 195.
Lotz, B., and Keith, H.D., (1971) J. Mol. Biol., 61, 201.
Lotz, B., Brack, A., and Spach, G., (1974) J. Mol.
Biol. ,81, 193.
Lucas, F., Shaw, J.T.B., and Smith, S.G., (1960) J. Mol.
Biol., 2, 339.
165
Magoshi, j., Magoshi, Y., Nakamura, S., Kasai, N., and
Kakudo, M., (1977) j. Polym. Sci. Polym. Phys. Ed.,
15, 1675.
Marsh, R.E., Corey, R.B, and Pauling, L., (1955) Biochim.
Biophys. Acta, 16, 1.
Matthews and van Holde, (1990) Biochemistry
,
Ben jamin/Cummings, Redwood city, CA.
McBride
,
L.J., and Caruthers, M.H., (1983) Tetrahedron
Lett., 24, 245.
Moore, W.H., andKrimm, S., (1976) Biopolymers, 15, 2465.
Parker, K.D., and Rudall, K.M., (1957) Mature, 179, 905.
Pauling, L., Corey, R.B., and Branson, H.R., (1951) Proc.
Nat. Acad. Sci. (USA), 37, 205.
Peggion, E., and Goodman, M., (1989) in Encyclopedia of
Polymer Science and Engineering
,
Vol. 12, 786.
Perkins, S., Nealis, A., Haris, P. I., Charman, D., Goundis,
D., and Reid, K., (1989) Biochemistry, 28, 7176.
Rich, A., and Crick, F.H.C., (1961) J. Mol . Biol., 3, 483.
Richardson, J.S., and Richardson, D.C., (1989) in
Prediction of Protein Stru cture and the Principles of
Protein Conformation , Plenum.
Richarz, R., and Wuthrich, K., (1978) Biopolymers, 17,
2133.
Rosenberg, A.H., et al., (1987) Gene, 56, 125.
Rudall, K.M., (1946) Symposium on Fibrous Proteins, p. 15.
Sadler, J.R., Betz, J.L., and Tecklenburg, M., (1978) Gene
211
.
Sadler, J.R., Tecklenburg, M., and Betz, J.L., (1980) Gene
279.
Sandberg, L.B,, Leslie, J.G., Leach, C.T., Torres, V.L.,
Smith, A.R., and Smith, D.W., (1985) Pathol. Biol.,
33, 266.
Shimizu, M., (1941) Bull. Imp. Sericult. Exp. Sta . Jpn .
,
10, 475.
166
Sibanda, T., and Thornton, J.M., (1985) Nature, 316,170..
S0rensen, M.A., Kurland, C.G., and Pedersen, S., (1989) J.Mol. Biol., 207, 365.
Studier, F.W., Rosenberg, A.H., and Dunn, J.J., (1989) Methods
in En7.Ymnl
,
(in press)
.
Suzuki, E., (1967) Spectrochim. Acta, 23A, 2303.
Szwarc, M., (1965) Adv. Polym. Sci
. , 4, 1.
Szwarc, M., (1968) Carbanions. Living Polymers, and
Eler.tron Transfer Pmrf^^^P^^
^ Inte rscience .
Takeda, Y., (1990) Biopolymers, 29, 1125.
Thomas, G.J., Prescott, B., and Urry, D.W., (1987)
Biopolymers, 26, 921.
Traub, W., and Yonath, A., (1966) J. Mol. Biol., 16, 404.
Urry, D.W., (1988) J. Protein Chem., 7, 1.
Urry, D.W., Haynes, B., Zhang, H., Harris, R.D., and
Prasad, K.U., (1988) Proc. Nat. Acad. Sci. (USA), 85,
3407
.
Venkachatalam, CM., (1968) Biopolymers, 6, 1425.
Waite, J.H., (1983) J. Biol. Chem., 258, 2911.
Walton, A.G., (1981) Polyp eptides and Protein Structure ,
Elsevier
.
Warwicker, J.O., (1960), J. Mol. Biol., 2, 350.
Wilmot, CM., and Thornton, J.M., (1988) J. Mol. Biol.,
203, 221.
Wu, T.T., and Rabat, E.A., (1971) Proc. Nat. Acad. Sci.
(USA), 68, 1501.
Wunderlich, B., (1973) Manromolecular Phvsics Vol. 1:
Crystal Structure. Morphology, and Defects. Academic
Press .
Yanisch-Perron, C, Vieira, J., and Messing, J., (1985)
Gene, 33, 103.
167
Zimmerman, J., (1989) in Encvolooedla of Polymer Sr.npn^.
and Engineering,. Vol. 11, 315.
168

